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SUMMARY 
Thematically, this work focuses on developing solution blending processes that result 
in the formation of interconnected polymer networks for enhanced electronic properties. 
Robust and industrially relevant solution processing methods that precisely control the self-
assembly process are essential to achieve optimal and repeatable electronic device 
performance in semi-crystalline conjugated polymers. This research follows a bottom-up 
approach to develop process-structure-property relationships using the “fruit fly” of 
conjugated polymers, poly(3-hexylthiophene) (P3HT).  
Herein, we demonstrate facile solution processing methods that focus on blending 
multiple components to target the formation of interconnected assemblies. P3HT is the 
canonical semicrystalline conjugated polymer, and here was used to investigate the 
mechanism of self-assembly in solution. The polymer molecular weight distribution, 
solute-solvent interactions, and quantity of seed nuclei are shown to be tunable parameters 
impacting the degree of interconnectivity.  These approaches were investigated using a 
wide array of strategies to induce nucleation, including exposure to low dose UV, 
microfluidic flow processing, and poor solvent addition. A particularly promising approach 
involves the selective mixing of a nucleated polymer solution with a non-nucleated sample 
via seed nucleation. These processing approaches have improved the charge carrier 
mobility from a base of ~10-3 cm2/V-s to values exceeding 2x10-1 cm2/V-s. Process-
structure-property relationships were developed to quantitatively describe the tradeoffs 
between polymer network formation and grain boundaries on charge transport. All 
 xix 
examined cases suggest an optimal processing window for long range interconnectivity, in 
which a moderate level of crystallinity is associated with the highest mobility.  
Finally, materials informatics approaches were leveraged to develop process-
property relationships to help guide the next level of experimental efforts. A database of 
218 data points from 19 publications on P3HT was created with mobility values ranging 
from 1.0x10-6 to 2.8 x10-1 cm2/V-s. A classification technique in which devices were sorted 
into high performing and low performing was applied. A reduced design space containing 
all high performing points, as well as some having poor performance, is identified for the 
purpose of focusing future experiments.               
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CHAPTER 1. INTRODUCTION 
1.1 Conjugated Semiconducting Polymer Electronics 
1.1.1 History and Background 
Organic polymeric electronics can trace its origins back to the research of Alan J. 
Heeger, Alan MacDiarmid, and Hideki Shirakawa in 1977 when they discovered the ability 
of polymers to conduct electricity.1 Their Nobel Prize winning work demonstrated that 
polyacetylene, when doped via oxidation with chlorine, bromide, or iodine vapor, exhibited 
a 109 increase in electronic conductivity compared to its undoped counterpart. The presence 
of conjugated double bonds, or alternating single and double bonds, along the polymer 
backbone enables delocalization of electrons from the weak π bond.2 Upon injection of a 
charge carrier (doping), either an electron or a hole, with the presence of an electric field, 
charges can hop along the backbone enabling unique optical and electronic properties.3-4 
Traditionally, inorganic electronics have dominated the electronics industry. Their 
ability to form near-perfect crystals in thin films leading to uninterrupted electrical 
pathways combined with the ease of doping to increase the concentration of charge carriers 
results in enhanced conductivity and semiconducting properties. In contrast, molecular 
doping in conjugated polymers results in morphological changes along the chain backbone, 
increasing grain boundaries and charge traps that suppress electronic properties.5-6 Despite 
reduced electrical properties, polymeric electronics promises a new array of technologies 
that leverage the stretchability, flexibility, biocompatibility and tunability of polymers. 
Moreover, inclusion of solubilizing side chains to polymer conjugated backbones enables 
 2 
solution processability allowing for low-cost, roll-to-roll printing of large area devices3. As 
many applications based require flexible, non-rigid form factors, and less computational 
power than their inorganic counterparts on organic electronics are currently in the research 
and development phases (Figure 1). These include organic field-effect transistors 
(OFETs),7-8 organic photovoltaics (OPVs),9-10 organic light emitting diodes (OLEDs),11-12 
and radio frequency identification (RFID)13-14 tags with use as sensors,15 electronic skins,16 
and wearable devices.17 
 
Figure 1: Flexible roll-to-roll processed organic electronics. Images adapted from Ars 
Technica, Flexible Packaging Magazine, and the Technical University Munich.  
Despite the recent advances in solution processed organic electronics, their 
inclusion in marketable devices is limited by device performance. Charge mobility, an 
important property that describes the velocity of electrons given an applied electric field, 
has steadily progressed towards ~1 cm2/V-s with a target of ~10 cm2/V-s for advanced 
applications in solution processed polymeric electronic devices (Figure 2).18 Compared to 
mobility values exceeding 100 cm2/V-s observed for inorganic electronics, significant 
progress is still required to develop commercially available organic electronic devices.19 
 3 
 
Figure 2: Required charge carrier mobility values to enable expected organic 
electronic technologies. Adapted with permission from Ref. 18. Copyright Materials 
Research Society 2008.  
1.1.2 Electrical Properties of Conjugated Polymers: From Bonds to Bands 
Polyalkenes represent one of the simplest and most common polymer families. 
Formed from the addition reaction of alkenes, the polyalkenes are saturated, long chain 
hydrocarbons that are chemically inert. Like most other commercially available polymers, 
they are insulators due to their chemical structure. Each carbon atom in the polyalkenes is 
sp3 hybridized and directly bonded to four adjacent atoms via sigma (σ) bonds. In sigma 
bonds, the electron density is strongly concentrated between two neighbouring nuclei. 
When an electric field is applied, the stability of the bond does not allow movement of 
electrons, resulting in insulating properties. In contrast, polyacetylene is the simplest 
conjugated polymer, with alternating single and double bonds. Carbon-carbon bonds along 
the backbone are sp2 hybridized, forming both σ and π bonds. The electron density of π 
bonds is concentrated above and below the plane of the nucleus, enabling delocalization 
along the polymer chain backbone.  
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The Huckel molecular orbital theory has provided a simple approximation to 
determine the bond energies of molecular orbitals of π-electrons via Linear Combinations 
of Atomic Orbitals (LCAO). The constructive and deconstructive mixing of atomic orbitals 
results in an energy difference between the bonding (π) and antibonding (π*) molecular 
orbitals. As the length of conjugation increases, the polymers can be considered as repeated 
sub-units, enabling positive and negative combinations of π and π* levels to form new 
accessible energy levels. As the conjugation length tends towards infinite length, these 
energy levels can be viewed in terms of band theory with the π energy levels forming the 
highest occupied molecular orbital (HOMO, valence band) and the π* forming the lowest 
unoccupied molecular orbital (LUMO, conductive band)(Figure 3). 
  
Figure 3: Progression of the HOMO and LUMO energy levels as a function of 
conjugation length in the polyene series. Image adopted form the Clean Energy Wiki. 
The difference in energy levels forms the band gap and governs the electrical 
properties of the material. Electrons must possess enough energy to move from the valance 
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band to the conduction band to enable the flow of electricity. In conductors, the valence 
and conduction bands overlap so no additional thermal energy is required to simulate 
electron mobility. Semiconductors possess a small bandgap, so energy is required to 
promote electrons from the valence band to the conduction band. OFETs, OLEDs, and 
OPVs all rely on precise tuning of the band gap to enable their most basic functionality. In 
OLEDs, the colour of emitted light is determined by the bandgap of the material and vice 
versa in OPV applications.   
The field-effect transistor operates as an electric switch and amplifier of electronic 
signals. This is achieved via variations in the applied voltages through the three electrical 
connections (Figure 4). A gate electrode is separated from the active layer by an insulating 
dielectric layer. Varying the voltage to the gate alters the conductivity of the active layer 
between the source and drain electrodes. An applied voltage difference between the source 
and drain electrodes then enables the flow of electrons or holes through the device. The 
properties of interest, charge mobility and threshold voltage, can be extracted from the 
relationship between the drain current, ID, and the applied gate voltage, VG.
20 In the 







where W and L are the channel width and length of the transistor channel, Cox is the 
capacitance of the gate dielectric material, μ is the charge mobility, and VT is the threshold 
voltage. Both μ and VT are fitted parameters but can be extracted from the slope and 
intercept by linearizing Equation 1 above, as shown in Figure 4b.  
 6 
 
Figure 4: a) Schematic of a general bottom-gate, bottom-contact OFET, b) Typical 
OFET transfer curve from the saturation regime depicting extraction of μ and VT. 
 The operating principles of OFETs can be illustrated using simplified electronic 
energy level diagrams as shown in Figure 5.21 When the gate bias to the device is zero 
(VG=0), the device is at equilibrium with the active layer HOMO residing below the Fermi 
level of the source and drain electrode and the LUMO residing above. A drain-source bias 
(VD) would not result in conduction as the semiconductor lacks mobile charge carriers. 
However, when a gate bias is applied an electric field is generated at the active 
layer/insulator interface. For a n-type semiconductor, which is more efficient at moving 
electrons than holes, application of a positive gate voltage (VG>0) lowers the HOMO and 
LUMO energy levels. If the bias is sufficiently large enough, the LUMO will become 
resonant with the Fermi level of the source/drain electrodes, proving mobile electrons at 
the semiconductor/insulator. Application of a positive drain-source base (VDS>0) provides 
a driving force for electrons to flow through the semiconducting layer between the contacts. 
A similar but opposite process occurs for a p-type semiconductor in which a negative gate 
bias (VG>0) causes the energy levels of the semiconductor to shift up, forming mobile 







Figure 5: Ideal energy diagram of n-channel and p-channel OFET transistor during 
operation. a) At VG=0 and VD=0, the semiconductor HOMO is below the Fermi level 
of the source and drain. b-c) An applied VG shifts the HOMO/LUMO levels of the 
semiconductor providing a pathway for holes/electrons. d-e) An applied VD allows 
holes/electrons to flow through the device. Adapted with permission from Ref. 21. 
Copyright American Chemical Society 2004.      
1.1.3 Charge Transport Models in Disordered Orgnic Electronic Systems 
The primary use of a field-effect transistor as a research tool is to characterize the 
charge mobility of the active material.22 Charge mobility, μ, is defined as the rate of 
movement of a charge carrier, v, given an applied electric field, F, as shown in Equation 






Alternatively, charge mobility can be expressed in terms of the Einstein-






where e is the electron charge, D is the diffusion coefficient, kB is the Boltzmann constant 
and T is the temperature. In either formulation, supporting equations must be applied to 
describe the movement of charges at the atomic level.23   
Understanding the fundamental mechanism of charge transport in organic 
semiconductors can aid identification of optimal morphologies. The well-defined 
crystalline lattice formed in inorganic molecules allows charge carriers to be delocalized 
across the entire system, enabling so-called band transport. In contrast, organic molecules 
are subjected to the polarization effect resulting in Columbic interactions between electron 
and hole pairs.24 This results in a localization of the charges. As a result, charge transport 
in organic systems generally exhibit charge hopping between neighbouring molecules via 
polaron formation.25-26   
Rudolph Marcus formulated this theory of charge transport by describing electron 
transfer from a molecule in the charged state to a molecule in the neutral state.27 When the 
charge is transferred from one molecule to the other, both must reorganize to optimize their 
geometry to account for the presence or absence of the charged electron. This process is 
termed intramolecular relaxation. The charge transport process also results in 
intermolecular relaxation as the electron density, and thus size of the molecules, has 
changed. This causes a reorganization of the spatial location of molecules that can interrupt 
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charge transport through the introduction of vibrational movement. The electron hopping 












where t is the transfer integral, ћ is Planck’s constant, kB is the Boltzmann constant, T is 
the temperature, ΔE is the energy difference between the charged and neutral state, and 
λreorg is the reorganization energy. A one-dimensional (1D) diffusion coefficient that can 
relate the electron hopping rate to charge mobility can be expressed as: 
 𝐷 = 𝑎2𝑘𝐸𝑇 (5) 
where a is the distance between molecules. An expression for charge carrier mobility can 














Charge mobility can be maximized by maximizing the transfer integral and 
minimizing the reorganization energy of the system.27-28 However, this transport model 
assumes a highly disordered system and does not capture the role of aggregation on 
extending charge transport pathways.  
To account for the semicrystalline nature of many semiconducting polymer 
morphologies, a variety of transport models have been developed based on 
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phenomenological observations that capture the role of chemical and physical defects 
(Figure 6). Many of these models have been developed based on the seminal work by 
Miller and Abrahams4 that suggested that the hopping rate depends on the spatial distance, 
Rij, between sites (occupied site i and unoccupied site, j), and the energetic difference 
between the two sites, ΔE=Ei-Ej. Their proposed hopping rate can be expressed as: 
 







𝑖𝑓 ∆𝐸 > 0
𝑖𝑓 ∆𝐸 ≤ 0
  (7) 
where vo is the attempt-to-jump frequency and α
-1 is the effective overlap parameter. The 
addition of thermal energy is only required if the destination site is of higher energy.   
The variable range hopping (VRH) model developed by Sir Nevill Mott has been 
used to describe charge transport when the semiconductor is highly disordered in both 
energy (contains traps from a non-uniform density of states) and spatial locations (not 
periodically spaced.4 They considered the case in which it may be more energetically 
favourable to hop over a longer distance with a lower energy difference between sites 
compared to a shorter hop with a higher energy difference. The simplest formulation of the 
VRH model can be expressed as: 
 






  (8) 
where Nf  is the density of states at the Fermi Edge and α is the size of the localized state. 
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Figure 6: General charge transport theories as a function of disorder. Adapted with 
permission from Ref. 29. Copyright Royal Society of Chemistry 2017.  
Despite the different assumptions of each model, there are several commonalities 
that can guide structure-property relationships. All models exhibit enhanced hopping rates 
with decreased distance between states. This is described by the transfer integral, t, in 
Marcus Theory and the spatial distance, Rij, in Miller and Abraham’s model and the VRH 
model. Furthermore, all models indicate improved transport properties with improved 
conjugation length, captured by the reorganization energy in Marcus Theory and the size 
of the localized state in the spatial hopping models. Therefore, it has been suggested that 
the ideal morphological structure contains numerous large crystalline domains with 
enhanced molecular packing to reduce the spatial distance between lower energy states.29 
More broadly speaking, control of both intra- and intermolecular structure is essential to 




1.1.4 Poly(3-hexylthiophene): A work-horse polymer 
Polythiophenes have received a remarkable degree of attention as semiconducting 
polymers since their first use in the late 1980’s.30-31 The ease of synthesis of polythiophenes 
compared to new, more complex polymeric structures has turned these polymers into a key 
workhorse system to study fundamental process-structure-property relationships. As a new 
paradigm in electronics device manufacturing develops to enable low cost, large area, 
flexible electronic devices, the ideal conjugated polymer must be either solution or melt 
processable to enable printed roll-to-roll processing.3 As polythiophenes are known to 
thermally degrade when exposed to high temperatures, the solution processability route is 
often leveraged to deposit polythiophene based thin films. Thus, polymer solubility plays 
an important role in the ink formulation process. While polythiophene itself is insoluble, 
the addition of long, flexible hydrocarbon chains enhances the solubility and thus 
processability of this class of conjugated polymers.32-33  
A wide variety of side chain motifs have been suggested to improve the solubility 
of thiophene, from bulky branched chains to leverage liquid crystal properties to carboxylic 
salts for improved solubility in water.34-35 The addition of side chains adds steric hindrance 
along the chain backbone leading to changes in the conjugated backbone flexibility, 
increases in the π-π stacking distance and modifications to the orbital overlap.36 These 
properties can be optimized by ensuring planarization of thiophene chains and therefore 
long-range delocalization of electrons. However, the relative position of the side chain on 
adjacent thiophene monomers has a profound impact on the favorable configurations. Both 
head-to-head (HH) and tail-to-tail (TT) coupling adds additional steric interactions and 
disrupts the planarization of the backbone.37-38 Instead, a high degree of head-to-tail 
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couplings (HT), described by the regioregularity of the polymer is desired for chain 
planarization and improved electron delocalization. Moreover, a planar structure of 
thiophene ring faces can be formed with individual monomers adopting either the trans or 
cis configuration.39 In the context of the planarization of poly(3-alkylthiophene) (P3AT) 
chains, the desired structure is a polymer chain with all monomers in the trans 
configuration.     
At a synthetic level, significant progress has been made to control the 
regiochemistry and yield during synthesis of P3ATs. This has enabled widespread 
commercial availability of P3ATs allowing for detailed physical characterization of both 
solutions and films. Coincidently, poly(3-hexylthiophene) (P3HT) has arisen, not just as a 
model polythiophene polymer, but as the ‘fruit fly’ of conjugated polymers. The chemical 
structure of this polymer is shown in Figure 7a. The vast amount of accumulated 
knowledge on the P3HT provides an unparalleled opportunity to elucidate informative 
process-structure-property relationships relevant to the behavior of conjugated polymers in 
general. Process-structure-property relationships have been thoroughly examined and 
reviewed on multiple occasions40-43 and continue to develop. Already, a remarkably diverse 
array of structures has been identified from the solution processing of P3HT in solution. 
Examples of unique structural motifs include single crystals,44 nanowhiskers,45 
isotropically aligned nanofibers,46 shish-kebab fibers,47 and interconnected fibral 
domains.48-49 The latter three structures have received a significant amount of attention due 
to their ability to form the long-range charge transport properties required of solution 
processing for large area devices. 
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In P3HT, the delocalization of π-electrons leads to the formation of co-facially 
stacked chains held together via physical π-π bonds (Figure 7b). This phenomenon gives 
rise both to nanofibril-like structures and/or interconnected fibril networks depending on 
the degree of overlap between neighboring chains as shown in Figure 7c and d. Regardless 
of the structure, the π-π stacking distance between cofacially aligned chains is ca. 0.38 nm. 
The length of fibrils formed from π-π stacking of a few chains to thousands of chains can 
grow to several microns in length. Chains can also stack edge-to-edge in the alkyl direction, 
generally at a stacking distance of 1.6 nm. As the hexyl side chains are insulating, the 
development of structure in this stacking distance is irrelevant to charge transport. Instead 
transport along the conjugated backbone and through π-stacks govern the bulk electrical 
properties of the films. Charge transport along the conjugated backbone, termed 
intramolecular charge transport (~1 cm2/V-s), has been both theoretically and 
experimentally shown to be faster than intermolecular charge transport (~10-2 cm2/V-s) 
through π-stacks.50-51 The differences in obtained charge mobilities are largely governed 
by the differing modes of transport in the material, as described in the electron transport 
theories presented in Section 1.1.3.     
 15 
 
Figure 7: a) Chemical structure of P3HT. b) illustration of π-π stacking of P3HT into 
lamellar stacks. Adapted with permission form Ref. 50. Copyright American 
Chemical Society 2016. c) AFM image of aggregated nanofibers deposited via blade 
coating. d) TEM (left) and AFM (right) of interconnected P3HT network. Adapted 
with permission from Ref. 49. Copyright American Chemical Society 2017. 
As a result, the development of processing methods to preferentially manipulate 
and control the alignment and ordering of conjugated polymer thin films has been a key 
focus area in the field (Figure 7c and d). Early investigations relating charge transport 
properties to polymer molecular weight, polydispersity, solvent choice and processing 
history has greatly advanced the community’s understanding of solution processable 
organic electronics. One of the earliest proposed process-structure-property relationships 
was the influence of the molecular weight based on work by Zhang et al.52 and Kline et 
al.53 An increase in charge mobility was observed with an increase in the molecular weight 
from 10-4 cm2/V-s using a Mn of 3 kDa to 10-2 cm2/V-s with a Mn of 30 kDa. Notably, a 
decrease in the observed ordering of P3HT chains was observed using AFM as shown in 
c)  d)  
a)  b)  
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Figure 8. It was theorized that charge transport is enhanced in higher molecular weight 
polymer systems, as longer chains can form more inter-grain connections, enabling 
percolative charge transport pathways. Since then, a variety of processing methods to 
control the formation of tie chains that connect crystalline domains have been proposed.      
 
Figure 8: Observed structure of P3HT thin films fabricated for 3 kDa (top) and 30 
kDa (bottom) P3HT. Adapted with permission from Ref. 52. Copyright American 
Chemical Society 2005.  
1.2 Processing of Polymer Electronics 
In polymer electronic devices, macroscopic charge transport properties are 
governed by the assortment of interconnected pathways between highly conductive 
crystalline domains and less conductive amorphous regions. Precise control of the 
crystallization process to manipulate the distribution of crystalline states and morphologies 
in the solid state remains crucial to increasing charge mobility. A myriad of studies has 
revealed microstructural features that influence charge transport including i) electron 
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delocalization arising from ordered crystalline domains, ii) the formation of percolative 
charge transport pathways between crystalline domains, and iii) alignment of the 
crystallographic direction relative to the active channel.   
Processing strategies to control the morphology can be separated into three main 
categories: 1) solution-state preprocessing 2) controlled deposition methods, and 3) solid 
state post processing. Solution state preprocessing involves disrupting the local solvent 
environment to planarize polymer chains or induce nucleation and growth of crystalline 
domains.54-55 Controlled deposition methods involve manipulation of shear-aligning 
techniques and solvent evaporation rates to obtain ordered microstructures.50, 56 Solid-state 
post processing involves thermal annealing or mechanical manipulation techniques.57 
Solution state preprocessing methods have received significant attention due to their 
industrial applicability. 
A wide range of processing methods have been proposed to promote self-assembly 
of nanofibers. These techniques include solvent solubility tuning,46, 58-61 ultrasonication 
(Son),54, 62-64 UV irradiation,65-68 solution aging, 50, 69 and microfluidics,55 each with their 
own unique proposed mechanism of self-assembly and accessible nanofibril structures. 
Stark contrasts in the fibril morphology can be easily visualized using AFM images 
analyzed via advanced image processing techniques. Persson et al. compiled 100 AFM 
images from 9 unique solution preprocessing techniques produced in the same laboratory 
setting.70 These images were analyzed using open source software to quantify the fiber 
length density (ρFL), degree of orientational order (Sfull), and mean fiber length. 
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Figure 9: A vast array of structural motifs can be obtained through solution 
processing of P3HT solutions. The degree of alignment and fiber length density are 
two structural metrics that can help elucidate the process-dependent mechanism of 
self-assembly. Adapted with permission from Ref. 70. Copyright American Chemical 
Society 2017.  
Similar processing methods appear to cluster around unique values of the structural 
descriptors as illustrated in Figure 9. Son + poor solvent thin films display a medium 
packing density and low alignment with minimal tunability as a function of processing. In 
comparison, Son + Age thin films exhibit both a medium degree of alignment and packing 
density. Microfluidic + UV processed fibers generally display a high fiber length density, 
with the degree of processing controlling the fiber alignment. 
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Analysis conducted in this manner can be used to support hypothesized self-
assembly mechanisms. Persson et al. analyzed the alignment and packing density results 
of the three mentioned techniques and summarized differing bundle formations elucidated 
in the original publications.70 In the case of poor co-solvent addition with sonication, the 
presence of the unfavorable solvent environment and cavitation from sonication will induce 
nucleation of P3HT nanofibers. However, the presence of the poor cosolvent results in few 
tie chains between fibers as the fringe chains coil up to decrease their interaction with the 
solvent. Upon thin film deposition, each fiber will be exposed to a unique shear force 
leading to an isotropic film. In the case of sonication and aging, the cavitation effect will 
once again provide the nucleation step. The aging time allows fibers to diffuse through the 
solution and for tie chains to extend and form interconnections. These interconnections 
keep the network together during deposition leading to enhanced local alignment. An 
extreme case of tie chain interconnectivity is hypothesized to arise from microfluidic 
processing via the formation of shish-kebabs. In terms of charge carrier mobility, μmicrofluidic 
> μSon+Age > μSon+Poor Solvent, indicating the importance of tie chains for enhanced global 
charge transport. Expanding this analysis for a more inclusive array of solution 
preprocessing techniques shows a general correlation between Sfull and charge carrier 
mobility. This has been attributed to tie chains that lead to a network, which further enables 
orientational alignment during deposition and a percolative pathway for enhanced charge 
transport. Figure 10 depicts hypothesized structural motifs that fringe chains at the end of 




Figure 10: Proposed mechanisms of process-dependent self-assembly based on image 
processing of AFM images. Adapted with permission from Ref. 71. Copyright 
American Chemical Society 2017.  
While AFM analysis presents a generalizable structure-property relationship that is 
applicable across a wide range of solution preprocessing techniques, it provides little 
insight on the role of processing to obtain these structures. It is more desirable to seek 
complete process-structure-property relationships to be able to apply knowledge on an 
industrial scale, or to transfer knowledge to another polymer system. However, developing 
global process-structure-property relationships, even under highly controlled processing 




1.3 Motivation and Outline of Thesis 
Thematically, this work focuses on developing solution blending processes that 
result in the formation of interconnected polymer networks for enhanced electronic 
properties. Chapter 2 introduces the array of processing methodologies and 
characterization techniques used throughout this thesis to probe for process-structure-
property relationships.  
Chapter 3 introduces an approach where blends of differing molecular weight are 
nucleated to investigate the role of chain length on network interconnectivity.  
Chapter 4 proposes a processing approach that blends pre-nucleated P3HT and 
amorphous P3HT to form interconnected nanofibrillar structures. The impact of the sample 
molecular weight of both seeds and amorphous chains was explored. The results found in 
traditional batch studies were then applied to a continuous flow processing system. 
Chapter 5 discusses blending time-dependent self-assembly with poor solvent 
driven assembly. Results are generalized to demonstrate that this approach is applicable 
beyond P3HT to PBTTT. 
Chapter 6 applies material informatics approaches to identify promising 
processing variables for future experiments. Literature databases of both P3HT and 
polypropylene-talc composites were developed. 
Chapter 7 summarizes the main findings in this work and provides guidance on 
future work.         
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CHAPTER 2. MATERIALS AND EXPERIMENTAL METHODS 
In this chapter, the materials, methods and data-processing techniques used across 
all studies are presented. Specific techniques used only for a single study will be presented 
in the corresponding chapter.  
2.1 Materials 
Regioregular P3HT (PTL 15-12, PTL 16-08, BS23-48) was purchased from Rieke 
Metals Inc. Anhydrous chloroform with amylenes as stabilizers, dichlorobenzene, and 2-
methylpentane (2-MP) were purchased from Sigma-Aldrich. All materials were used 
without purification. The molecular weights and polydispersity of all P3HT samples were 
provided by Rieke Metals Inc. and determined using a GPC relative to polystyrene 
standards with 1,2,4-trichlorobenzene as the eluent as shown in Table 1. 
Table 1: Molecular weight, polydispersity index and regioregularity of the P3HT 
samples studied. 










P3HT-L 37 2.0 96 41 2.0 
P3HT-M 58 2.1 96 66 2.0 
P3HT-B - - - 74 2.6 




2.2 Experimental Methods 
2.2.1 Solution Processing of Poly(3-hexylthiophene) 
All solution processing was conducted in 20 mL borosilicate glass scintillation 
vials. For each experiment 10 mg of P3HT was dissolved in 2 mL of chloroform at 55 °C 
for 20 min. After complete dissolution, the solutions were cooled in ambient air to room 
temperature for 15 min. The vial was then exposed to UV irradiation by use of a hand-held 
UV lamp (Entela UVGL-15, 5 mW·cm−2, 254 nm) for 8 min. During UV exposure, the 
vial was placed on a magnetic stirrer and subjected to a 300 rpm stir. During UV exposure, 
a notable color change from bright orange to dark purple was observed, indicating P3HT 
aggregation in solution. A dark ring of solid P3HT was also formed at the glass−UV lamp 
interface, associated with precipitation of aggregates. The preaggregated solutions were 
then stored in the dark under ambient conditions for the specified amount of solution aging 
time. 
2.2.2 Organic Field Effect Transistors 
The OFET transistor substrates were purchased from Rogue Valley Microdevices 
with heavily n-doped silicon wafers and 300 nm thick layer of thermally grown SiO2. The 
n-doped silicon served as the gate electrode, while the SiO2 layer served as the gate 
dielectric in a bottom-gate bottom-contact configuration. Source and drain electrodes, 
consisting of 3 nm of Cr as an adhesion layer and 50 nm of Au, were deposited via standard 
photolithography lift-off techniques, followed by E-beam evaporation of the metals onto 
the SiO2 surface. After electrode deposition, the wafers were cleaned using an ultrasonic 
bath before being sequentially rinsed with acetone, methanol and IPA. The final transistors 
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were then cleaned with UV-ozone (Novascan PSD-UV) to remove organic contaminants 
including residual photoresist. The semiconducting layer was deposited on the transistors 
via blade coating using a homemade vacuum chuck equipped with a motorized linear stage 
(A-LSQ150A-E01, Zaber) at a blade speed of 2.0 mm s-1 and blade height of 10 μm. The 
coated transistors were then moved from the ambient environment to a vacuum oven set at 
55°C overnight to remove any residual solvent. 
Field effect transistor properties were measured in a nitrogen glovebox using an 
Agilent 4155c semiconductor parameter analyzer. The charge carrier mobility and 
threshold voltage were calculated in the saturation regime (VGS = -80 V with VDS swept 
from 80 to -80 V) by fitting the following equation to the transfer plots of the drain current 







where W is the channel width (2 mm), L is the channel length (50 um), Cox is the capacitance 
per unit area of the SiO2 dielectric layer (1.15 x 10
-8 F cm-2). The on/off ratio was calculated 
as the maximum drain current measured when a negative bias is applied divided by the 
minimum drain current measured when a positive bias is applied.   
2.2.3 UV-Vis Absorption Spectroscopy 
Solution and thin film UV-Vis absorption spectra were recorded using an Agilent 
HP 8510 UV-Vis spectrophotometer. Solutions measurements were obtained by depositing 
30 μL of solution between two glass coverslips secured with a clip. Corresponding thin 
films were blade coated onto precleaned glass slides using the same procedure as the OFET 
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devices. Polarized UV-Vis measurements were also obtained using this spectrophotometer 
by polarizing the incident light. 
2.2.3.1 Aggregate Fraction Calculation 
The relative degree of polymer aggregation in solution was estimated by 
deconvoluting the spectra into amorphous and aggregated contributions through Frank-
Condon fits.71-73 The aggregate absorption (A) of P3HT was modeled according to  
 𝐴(𝐸) ∝ ∑ (
𝑆𝑚
𝑚!




















where E0-0 is the 0-0 transition energy of the aggregate, Ep is the frequency of the vibrionic 
transition (0.179 eV), σ is the width of the Gaussian line shape, S is the Huang-Rhys factor 
(1), m (4) and n (4) represent the number of vibrational excitations, and W is the exciton 
bandwidth.74-75 The values of W, σ, and a proportionality constant are the fitting parameters 
for this fit. As a single vibrational progression was not able to accurately model the 
aggregate absorption, the approach by Kohler et al. with two distinct and equally space 
vibrionic progressions was utilized.73 The fraction of aggregates was obtained by dividing 
the area under the aggregate fit curve from the total area under the absorption curve. This 
process is illustrated in Figure 11.   
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Figure 11: Example Frank-Condon fits to determine the aggregate fraction from 
linear UV-vis absorption spectra of P3HT. 
 
2.2.3.2 Exciton Bandwidth Calculation 
A weakly interacting H-aggregate model was developed by Spano et al. to extract 
polymer conjugation length from the absorption spectra of conjugated polymer thin films 
and has been applied extensively to P3HT. 72, 76-78 In this approach, the ratio of the (0-0) 
and (0-1) intensities is related to the Coulombic coupling between neighboring thiophene 
units through the exciton bandwidth, W, of the aggregates. The exciton bandwidth 
describes the conjugation length and thus intrachain order; a decrease in W is associated 
with an increase in conjugation length and thus a more ordered aggregate. The values of W 















where I0-0 and I0-1 are the intensities of the (0-0) and (0-1) transitions, respectively, and Ep 
is the vibrational energy of the symmetric vinyl stretch (taken as 0.18 eV).71  
2.2.3.3 Dichroic Ratio Calculation 
The dichroic ratio, R=A⊥/A∥, was utilized to quantify the anisotropy of polymer 
chain backbones. The ratio is defined as the absorption of the (0-0) peak perpendicular to 
the blade coating direction over the absorption in the parallel direction. A value of 1 will 
indicates an isotropic structure, while larger values indicate enhanced alignment. 
2.2.4 Polarized Optical Microscopy 
Polarized Optimal Microscopy (POM) images of the thin films were taken using a 
Leica DMRX optical microscope equipped with rotatable polarizer and analyzer and a 
Nikon D300 digital SLR camera. The extinction and reemergence of light as the sample is 
rotated from 0 to 45° is driven by the formation of highly aligned crystalline domains with 
long range order. 
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2.2.5 Atomic Force Microscopy 
AFM images were obtained from the same OFET devices used for electrical 
characterization, using a Bruker Dimension Icon atomic force microscopy system in 
tapping mode with n-type silicon tips (HQ:NSC14, MikroMasch). 
2.2.6 Grazing Incidence X-ray Scattering 
GIWAXS measurements were carried out on beamline 11-3 at the Stanford 
synchrotron radiation light source (SSRL). The beam was kept at an energy of 12.7 keV 
and critical angle of 0.13°. A LaB6 standard sample was used for calibration and the 
software WxDiff was utilized to reduce the 2D scattering maps into 1D intensity versus q-
spacing plots. Small angle X-ray scattering (SAXS) and wide-angle X-ray scattering 
(WAX) measurements were conducted at the Pohang Accelerator Laboratory using sucrose 
as the calibration standard.  
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CHAPTER 3. A POLYMER BLEND APPROACH FOR 
CREATION OF EFFECTIVE CONJUGATED POLYMER 
CHARGE TRANSPORT PATHWAYS 
3.1 Introduction 
While semicrystalline semiconducting polymers can exhibit macroscopic charge-
transport through amorphous domains, electrical properties can be improved through 
increased molecular ordering.29, 79-80 In the case of the workhorse polymer, poly(3-
hexylthophene) (P3HT), π-π stacking between individual chains can lead to fibrillar 
networks embedded in an amorphous matrix. These fibers enable charge transport in 
directions along an individual polymer backbone and through the fiber in the π-π stacking 
direction.42 Therefore, controlling the processing conditions to repeatedly target optimized 
structures in polymeric semiconductors is paramount for the large-scale adoption of these 
technologies for electronic devices. 
Theoretical and experimental efforts have focused on understanding relationships 
between self-assembly at the molecular level and its role in charge transport.41, 81-83 
Fundamental studies conducted by Kline et al. and Zen et al. demonstrated tunability of 
charge mobility over several orders of magnitude by changing the P3HT molecular weight 
(MW).53, 57, 84-85 Conventional transport theories suggest that  more ordered and crystalline 
low molecular weight P3HT should exhibit higher transport characteristics over more 
disordered high molecular weight samples.86 However, the observed trend of increasing 
mobility with increased chain length suggests that mesoscale ordering and the formation 
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of a percolative network, rather than local crystallinity, is more influential for high charge 
transport. For instance, Noriega et al. compared field effect mobility, paracrystalline 
disorder, and activation energies of trap states of both semicrystalline and amorphous 
conjugated semiconductors from the literature to relate local disorder and aggregation to 
charge transport.29 They concluded that transport in polymer systems is limited by 
interchain disorder, setting the requirement for high local crystallinity and the presence of 
“tie-chains” to promote long range charge delocalization. These findings were corroborated 
by recent studies related to P3HT process-structure-property relationships.55, 63, 87-88   
Combined, the investigations suggest two microstructural features that are 
important for enhanced charge transport: 1) electron delocalization arising from highly 
ordered crystalline domains and 2) interconnectivity between crystalline domains on the 
meso- to macroscale to form a percolative charge transport network that spans the 
amorphous polymer matrix.    
Manipulation of the polymer molecular weight distribution has been suggested as 
an approach to satisfy both microstructural requirements for enhanced charge transport86. 
In practice, controlling polymerization to target a desired molecular weight distribution is 
difficult.89 Alternatively, targeted molecular weight distributions can be obtained by 
blending conjugated polymer samples with known weight-average molecular weights (Mw) 
and polydispersity indices (PDI). Aiming to balance the degree of local crystallinity with 
aggregate interconnectivity, Ma et al. applied this approach to fabricate organic 
photovoltaics using low and high molecular weight P3HT.90 Enhanced power conversion 
efficiencies were observed with the blend, but limited characterization provided few 
mechanistic insights. Koppe et al. blended high (Mw = 153 kDa) and low MW (Mw = 26 
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kDa) P3HT and observed  that the enhanced solubility of low molecular weight chains 
reduced the propensity of the system to undergo gelation.91 The improved processability 
of the blended solution with balanced low and high molecular weight chains coincided with 
improved photovoltaic efficiency, compared to only using high MW chains. Himmelberger 
et al. studied blends of 8 kDa P3HT with higher molecular weight samples (29, 42, and 61 
kDa), and observed a decrease in mobility as the relative amount of low molecular weight 
polymer was increased.92 Analysis of UV-vis absorption spectra indicated that the presence 
of small chains impacted neither intrachain disorder nor the ability of chains to aggregate. 
Rather, the decrease in mobility was attributed to a decrease in the number of long polymer 
chains that bridge regions of high crystallinity (referred to as tie chains), probed via a 
reduction in paracrystallinity (X-ray diffraction) and interchain order (UV-vis). However, 
the absolute value of charge carrier mobility in this study was relatively low; recent 
advances in the processing and deposition of aligned P3HT nanofibers have yielded 
mobilities at least an order of magnitude higher. The aligned structure of such resultant thin 
films provides an opportunity to study the impact of molecular weight blends at the higher 
end of performance.66, 69 Furthermore, detailed characterization of the polymer solution 
state and deposition process in a more controlled setting can help bridge the gap between 
lab scale studies and the manufacturing environment. 
Herein, we investigate the impact of blending distinctly different molecular weight 
samples of P3HT on the self-assembly of polymer chains into interconnected polymer 
structures. The polymer solutions were preprocessed with low-dose ultraviolet (UV) 
irradiation and solution aging, which was previously demonstrated to influence both 
aggregation and mobility.50, 66 UV irradiation was used to initiate polymer self-assembly 
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into nanofibrillar structures, while further aggregation was driven by time-dependent self-
assembly (solution aging). The impact of the as-formed P3HT network on charge transport 
was characterized by fabrication of organic field-effect transistor (OFET) devices. Analysis 
of the UV-vis solution and thin-film absorption spectra, grazing incidence wide angle X-
ray scattering (GIWAXS), atomic force microscopy (AFM), and polarized optical 
microscopy images (POM) informed mechanistic understanding of the relationships 
between molecular weight, the resulting distribution of molecular weights, and charge 
transport. Overall, blending of different molecular weight polymers was demonstrated to 
be a viable approach to achieve enhanced long-term solution stability, an essential 
characteristic for the development of stable semiconductor inks.  
3.2 Results and Discussion 
3.2.1 OFET Device Performance 
Four P3HT samples having a range of molecular weights and polydispersity index 
values (Table 1; reported values include those provided by Rieke Metals and those 
measured in-house) were evaluated to investigate how the distribution of polymer chain 
lengths impacts process-structure-property relationships. Sample selection was guided by 
prior reports demonstrating a plateau in charge carrier mobility for P3HT having a 
molecular weight between about 35-40 kDa and about 100 kDa, despite significant 
differences in thin-film morphology. 86 Samples of 37 kDa (P3HT-L, low MW) and 95 kDa 
(P3HT-H, high MW) P3HT were blended in a 1:1 mass ratio to generate the P3HT-B 
(blend) sample. A 58 kDa (P3HT-M, medium MW) sample having similar Mw to the blend 
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but smaller PDI was selected as the control. The GPC results showing the distribution of 
molecular weights prior to mixing are shown in Figure 12.  
 
Figure 12: Molecular weight distributions measured by GPC for all four P3HT 
samples. 
P3HT charge transport characteristics were characterized by evaluation of charge 
carrier mobility (μ) using an OFET device architecture. Figure 13a illustrates the process 
to produce blade-coated films from solutions treated with 8 minutes of UV irradiation 
followed by solution aging. This method has been shown to deposit uniaxially aligned 
nanofibers that are perpendicular to the direction of the source and drain.50, 66 These studies 
investigated charge transport anisotropy in P3HT and uncovered strong correlations 
between backbone alignment (AFM, dichroic ratio) and charge transport. It has been 
suggested that anisotropic alignment leverages enhanced transport properties along the 
conjugated backbones compared to charge transport in the π-π stacking direction. The 
average mobility at Day 0 (immediately after UV exposure) increased with average 
molecular weight, as shown in Figure 13b. Upon aging, P3HT-H demonstrated a nearly 
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linear decrease in μ, from 0.14 cm2/V-s on Day 0 to 0.05 cm2/V-s on Day 6. In contrast, 
P3HT-B displayed the highest mobility on Day 2, namely, 0.15 cm2/V-s, a value that was 
similar to the control, P3HT-M (0.14 cm2/V-s). Notably, these samples retained their 
mobility above 0.1 cm2/V-s over the course of solution aging for 6 d. The highest observed 
μ for P3HT-L was 0.11 cm2/V-s on Day 2, after which μ significantly decreased to 0.07 
cm2/V-s on Day 6.  
 
Figure 13: a) Overview of device processing method including molecular weight 
distribution, UV irradiation, solution aging and blade coating deposition onto 
transistors. b) Average charge carrier mobilities obtained with OFETs as a function 
of molecular weight and days aging. Error bars represent standard error. 
Figure 14 displays the transfer curves obtained for all samples, which are typical 
of p-channel OFETs operating in the accumulation mode.20 High threshold voltages (VT) 
and off currents (Ioff) present in all samples can be attributed to residual doping or charge 
traps at the P3HT-oxide dielectric interface.93-94 Tabulated values of VT and on/off ratios 
for all samples are provided in Table 2 and Table 3, respectively. P3HT-L and P3HT-B 
exhibited consistent VT between ca. 15 and 40 V across all days aging; while P3HT-M and 
P3HT-H displayed a significantly larger range. It is hypothesized that the presence of a 




packing at the dielectric interface, reducing the development of shallow traps from 
aggregates.95 Moreover, the relatively high Ioff values for all aged samples (Ioff ~10
-5-10-6 
amps) compared to the Day 0 samples (Ioff ~10
-7 amps) suggests the presence of O2 dopants 
from processing under atmospheric conditions.96-97 No apparent correlations between 
molecular weight and on/off ratios were observed, suggesting that all samples likely 
exhibited similar levels of O2 doping. The development of processing methods to remove 
these dopants remains an active research area to enable low cost manufacturing in ambient 
environments.98-100 
 
Figure 14: Representative transfer curves for a) P3HT-L, b) P3HT-H, c) P3HT-M, 
and d) P3HT-B samples bladed coated onto bottom-gate, bottom-contact transistors 
in the saturation regime (Vds = -80 volts). 
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Table 2: Average and standard errors of threshold voltages extracted from transfer 
curve analysis. 
 Day 0 Day 2 Day 4 Day 6 
P3HT-L 31.50 ± 0.14 39.08 ± 5.18 24.49 ± 1.58 27.39 ± 4.98 
P3HT-M 7.91 ± 1.40 24.60 ± 1.73 27.09 ± 1.52 54.06 ± 1.74 
P3HT-B 27.04 ± 2.46 34.09 ± 2.52 22.70 ± 2.24 17.86 ± 2.19 
P3HT-H 28.68 ± 2.33 49.20 ± 2.21 31.59 ± 4.75 69.80 ± 3.10 
*units: Volts (V) 
Table 3: Average and standard errors of on/off ratios extracted from transfer curve 
analysis. 
 Day 0 Day 2 Day 4 Day 6 
P3HT-L 4.11 ± (1.28) 
x103 
8.09 ± (1.38) 
x102 
8.41 ± (1.75) 
x102 
1.69 ± (0.51) 
x103 
P3HT-M 1.70 ± (0.37) 
x103 
4.41 ± (1.71) 
x102 
1.87 ± (0.34) 
x102 
2.24 ± (0.39) 
x102 
P3HT-B 7.72 ± (4.95) 
x103 
1.56 ± (0.27) 
x102 
3.49 ± (0.98) 
x102 
1.22 ± (0.63) 
x103 
P3HT-H 6.57 ± (3.05) 
x103 
3.94 ± (0.67) 
x102 
2.27 ± (1.28) 
x103 
7.01 ± (2.89) 
x102 
 
Longer-term aging of the P3HT-B and P3HT-M solutions (up to 14 days) was also 
investigated to evaluate its impact on charge transport performance and importantly, 
semiconducting ink shelf-life. At Days 10 and 14, P3HT-B retained mobilities in the range 
of 0.10 cm2/V-s (0.10 cm2/V-s and 0.11 cm2/V-s respectively), while P3HT-M displayed 
values of 0.19 cm2/V-s and 0.16 cm2/V-s. Note, however, that the increase in mobility 
observed for P3HT-M was accompanied by large increases in VT (Figure 15). Thus, the 
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use of lower polydispersity, medium MW semiconducting polymers in low power 
applications may be less stable over long aging time.101-102 
 
Figure 15: Average mobility and threshold voltages of P3HT-M and P3HT-B samples 
with aging up to 14 days. Error bars represent standard error of multiple runs. 
3.2.2 UV-Vis Characterization 
UV-vis absorption spectroscopy was used to quantify nanofiber formation in the 
P3HT solutions. The solution absorption spectra are presented in Figure 16. The broad 
absorption peak centered at ca. 455 nm accounts for a wide distribution of isotropic 
amorphous chains in a coiled state.103 Additionally, peaks at ca. 615 nm and 570 nm 
correspond to the (0-0) and (0-1) vibronic bands, which are attributed to the relative intra- 




Figure 16: Normalized solution UV-vis absorption spectra of a) P3HT-L, b) P3HT-H, 
c) P3HT-M, and d) P3HT-B samples after UV-irradiation. The color map 
corresponds to days aging for each sample with the lightest color representing Day 0 
and the darkest Day 6. 
The relative degree of polymer aggregation in solution was estimated by 
deconvoluting the spectra into amorphous and aggregated contributions through Frank-
Condon fits.73, 75 These aggregate fractions are a structural metric describing the degree of 
chain self-assembly into nanofibers (Figure 17), but do not provide insight into the size or 
absolute quantity of aggregates. Consistent with a nucleation and growth assembly 
mechanism, all P3HT samples displayed an increase in the aggregate fraction with solution 
aging after UV exposure.82 Furthermore, the increase in aggregate fraction was generally 
higher for samples with larger MW, and P3HT-B and P3HT-M exhibited similar 
aggregation behavior. A solubility-dependent driving force provides a straightforward 
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explanation for the influence of the distribution of molecular weights on the degree of self-
assembly probed by solution UV-vis spectroscopy. The longer P3HT-H chains are 
inherently less soluble than their short chain counterparts due to a reduction in the cohesive 
energy density and increase in entanglements. 
 
Figure 17: Aggregate fraction as a function of molecular weight distribution and 
solution aging time. 
A weakly interacting H-aggregate model was developed by Spano et al. to extract 
polymer conjugation length from the absorption spectra of conjugated polymer thin films 
and has been applied extensively to P3HT.72, 76-78 In this approach, the ratio of the (0-0) 
and (0-1) intensities is related to the Coulombic coupling between neighboring thiophene 
units through the exciton bandwidth, W, of the aggregates. The exciton bandwidth 
describes the conjugation length and thus intrachain order; a decrease in W is associated 
with an increase in conjugation length and thus a more ordered aggregate. The values of W 














where I0-0 and I0-1 are the intensities of the (0-0) and (0-1) transitions, respectively, and Ep 
is the vibrational energy of the symmetric vinyl stretch (taken as 0.18 eV).71  
The thin film absorption spectra of all samples analyzed are shown in Figure 18. 
A general decrease in W was observed for all molecular weights as the solution aging time 
progressed (Figure 19). Furthermore, the exciton bandwidth is inversely correlated with 
molecular weight. This correlation was previously studied by Paquin et al.103 : P3HT with 
Mw<50 kDa exhibited a W of ca. 81 meV while an abrupt transition to W ~21 meV was 
recorded for MW >50 kDa. The transition was attributed to a microstructural change from 
a highly crystalline, chain extended phase present in low Mw polymer, to a two-phase 
morphology composed of an interconnected network of crystalline and amorphous 
regions.40, 84, 86 While the solution aggregation results presented herein suggest increased 
crystallinity for higher Mw samples, it is conceivable that for samples with Mw >50 kDa, 
extended chains provide for interconnected aggregates (as per Paquin et al.) leading to the 
observed electrical results. P3HT-L is likely too low to form a large interconnected 
network, and thus charge carrier mobility is limited. In contrast, the longer chain samples 
are better able to planarize into longer segments that maintain conjugation thereby 
facilitating higher μ. The lower values of W observed for high molecular weight P3HT 
suggest that long chains can be sufficiently planarized, thereby serving as tie chains. 
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Figure 18: Normalized thin film UV-vis absorption spectra of a) P3HT-L, b) P3HT-
H, c) P3HT-M, and d) P3HT-B samples after UV-irradiation. The color map 
corresponds to days aging for each sample with the lightest color representing Day 0 




Figure 19: Exciton bandwidth as a function of molecular weight distribution and 
solution aging time. 
Though a decrease in exciton bandwidth with concomitantly larger percolative 
network is expected to lead to improved electrical performance, enhanced μ was only 
observed for P3HT-B and P3HT-M. Note that P3HT-H exhibited a linear decrease in μ as 
W decreased from 61 meV to 16 meV upon solution aging from Day 0 to Day 4, followed 
by a slight increase to 25 meV on Day 6. All samples, regardless of molecular weight or 
aging time, had similar thin-film aggregate fractions (Table 4) so it is unlikely that bulk 
differences in the overall proportion of crystalline material impacted the electrical 
properties. More likely, the performance was reduced due to the differences in structural 
organization mechanisms during drying when starting from solutions with different levels 
of aggregation. The reduced solubility of long chains led to higher solution aggregate 
fractions in P3HT-H (>25% after Day 4). As the solution aging time progressed, visible 
variations in film thickness from inhomogeneous drying became more prominent, 
accompanied by the deterioration of electrical performance attributes for this sample. This 
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suggests that an excess of solution aggregation ultimately hinders inter-grain connectivity, 
possibly because there is less free material to participate in tie-chain formation between 
aggregates as they come together during drying. 
Table 4: Average and standard errors of aggregate fractions extracted by fitting 
Frank-Condon progressions. 
 Day 0 Day 2 Day 4 Day 6 
P3HT-L 76.76 ± 0.74 73.12 ± 0.56 74.94 ± 0.30 74.18 ± 0.66  
P3HT-M 76.90 ± 0.79  74.72 ± 0.52 76.24 ± 1.31  76.37 ± 1.02 
P3HT-B 73.70 ± 1.48 73.45 ± 0.24 74.94 ± 0.86  75.05 ± 1.37 
P3HT-H 74.80 ± 0.16  73.13 ± 0.76 75.08 ± 2.78 78.22 ± 1.02  
*units: % 
 
GIWAXS patterns were also collected to examine changes in the crystalline texture 
of the thin films. Lamellar and π-π stacking distances were quantified from the (100) and 
(010) peaks, respectively, as shown in Figure 20. In generally, P3HT-B exhibits lower 
lamellar stacking distances, suggesting tighter packing compared to P3HT-L and P3HT-H, 
resulting in improved electrical performance. A constant π-π stacking distance of 3.8 Å for 
all samples is observed after Day 2. The (100) peaks from the out-of-plane profiles were 
used to quantify the crystal coherence length and Herman’s orientation factor. Plots of 
these structural metrics as a function of solution aging time exhibit an initial increase 
followed by a decrease as time progressed from Day 4 to Day 6 for P3HT-H and P3HT-B 
(Figure 20d and e).5, 65 The sudden decrease suggests that paracrystalline disorder 
increases at these later aging times. This would be expected to reduce charge carrier 




Figure 20: a) Example GIWAX patterns of Day 2 thin films for P3HT-L, P3HT-B and 
P3HT-H samples. Structural metrics including b) Lamellar stacking distance, c) π-π 
stacking distance, d) coherence lengths extracted from (100) peaks, and e) Herman 
orientation factors for P3HT-L, P3HT-B and P3HT-H samples as a function of aging 
time.   
An incremental broadening of the (010) peak was observed for P3HT-H beginning 
at Day 2 (Figure 21) and persisting through Day 6, which is not present for P3HT-B. This 
suggests that paracrystalline disorder in the π-π stacking direction increased at long aging 
times for the high-MW sample, but not for the blend, which could explain the difference 
 45 
in charge carrier mobility. In agreement with the UV-vis analysis (Figure 17), the 
increased level of aggregation in the high-MW sample limits inter-grain connectivity, 
resulting in an increase in paracrystalline disorder. 
 
Figure 21: In-plane X-ray scattering profiles of P3HT-L, P3HT-B and P3HT-H 
samples with solution aging of a) 0, b) 2, c) 4, and d) 6 days of solution aging. 
3.2.3 Morphological Characterization 
The evolution of thin-film nanofibrillar morphology can help elucidate the role of 
the molecular weight distribution on polymer self-assembly and its impact on charge 
carrier mobility. As discerned from the atomic force microscopy (AFM) images in Figure 
22a, the degree of fibrillar alignment and packing density can be modulated by both 
polymer molecular weight and post-UV irradiation solution aging time. Immediately after 
UV irradiation, neither P3HT-L nor P3HT-B exhibited distinguishable features. This is not 
to say that self-assembled structures had not formed, but rather they were not observed at 
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the film-air interface. In the P3HT-M and P3HT-H analogs, the few fibers that were evident 
were randomly orientated and embedded in an apparently amorphous matrix of disordered 
chains. As solution aging time increased, both the corresponding unidirectional alignment 
and fiber packing density in the thin films increased; both of which were quantified using 
an open source image processing algorithm.70, 105 Borrowing from the liquid crystal 
community, the degree of fibrillar alignment can be estimated using the orientational order 
parameter (S2D):
106-107 
 𝑆2𝐷 = 2〈cos
2 𝛩𝑛〉 − 1 (11) 
where θn is the angle between an individual fiber pixel and the director of all fibers, n, the 
average orientation of the population of fibers. An image with fully aligned fibers will have 
an S2D value of 1, while a random orientation image will have a value of 0. To quantify the 
packing density, a fiber length density, ρFL,  is defined as the total length of all fibers per 
image area.108 High degrees of alignment between neighboring fibers likely imply that the 
intervening amorphous material is not truly amorphous but has a correlated orientation as 
well. This has been probed via correlations between fiber alignment and enhanced mobility  
(Figure 23).108 Whether fiber alignment is caused by tie chains formed in solution, or fiber 
alignment results in the formation of tie chains during drying, or a combination of both, is 
difficult to discern.109 
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Figure 22: a) AFM phase images (5 x 5 μm) of P3HT thin films deposited by blade-
coating P3HT solutions exposed to UV irradiation as a function of molecular weight 
and solution aging time. b) Illustration of chain backbone vectorization and chain 
stacking Monte Carlo simulation.  
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Figure 23: Correlations between mobility and a) orientational order and b) fiber 
length density as a function of molecular weights for 0 to 6 days aging. 
However, knowledge of the location of crystalline grains through AFM as well as 
the molecular weight distribution of the polymers enables estimation of an upper bound on 
the number of tie chains that could form between neighboring fibers. Two key assumptions 
go into this analysis: 1) that there is no chain folding, i.e. every P3HT chain is fully 
extended, and 2) that only a 2-dimensional layer of polymer chains at the film surface is 
considered. The density of tie chains is estimated through Monte Carlo “Chain Stacker” 
simulations that model the spatial arrangement of fully elongated polymer chains on 
nanofiber backbones extracted from experimentally measured AFM images.70, 105 Polymer 
chain lengths were randomly sampled from the measured molecular weight distributions 
(Figure 12), placed orthogonal to the nanofiber backbones and spaced according to π-
stacking distances measured from GIWAXS (0.38 nm). Figure 22b illustrates the Chain 
Stacker procedure from raw AFM phase images to simulated chains for P3HT-B on Day 
2. Potential tie chain density was calculated as the number of chains from neighboring 
fibers that intersect a chosen fiber’s backbone, per unit length of the backbone. This 
quantity is averaged across every fiber in the image. It should be stressed that the tie chain 
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density calculated here represents an upper bound and should not be interpreted as an 
absolute measurement. Estimations of absolute tie chain densities remain an ongoing 
challenge in the field.83, 92 The modeled structures do not attempt to resolve the 
incorporation of tie chains into a neighboring lattice; only how far each chain could extend 
and whether it could reach a neighboring fiber. 
As shown in Figure 24 all samples investigated here exhibited low orientational 
order, fiber packing density, and tie chain density at Day 0, before plateauing at their 
maximum values on Day 2. P3HT-L exhibited a substantially lower S2D (~0.6), ρFL (~9), 
and tie chain density (~0.17 μm-1) compared to the other samples. In light of the electrical 
performance results, the charge carrier mobility in low molecular weight samples was 
likely limited by the inability of short chains to interconnect with neighboring nanofibers. 
In contrast, P3HT-H exhibited significantly higher S2D, ρFL, and tie chain density with 
values of 0.9, 13 and 1.77 μm-1, respectively. The P3HT-H films achieved high levels of 
alignment with chains of sufficient length to form tie chains yet did not produce the 
expected charge mobility results: charge transport in high molecular weight samples was 
limited by longer-range (< 5μm) structural inhomogeneity (vide supra). Notably, the tie 
chain densities for P3HT-B (~0.82 μm-1) and P3HT-M (~0.87 μm-1) are similar, despite 
differences in polydispersity. This result suggests that the average molecular weight is a 
key determinant of the potential for tie chain formation, rather than the distribution as 
measured by the polydispersity index. 
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Figure 24: a) Orientational order parameter (S2D) of blade coated thin films. b) 
Correlation of orientational order with fiber length density. c) Simulated tie chain 
density from Monte Carlo chain stacking as a function of molecular weight and 
solution aging time. 
Cross-polarized optical microscopy (POM) and linearly polarized UV-vis 
spectroscopy was used to observe the persistence of alignment at the macroscale. The POM 
images of all aged samples exhibited clear birefringence with the complete extinction and 
re-emergence of brightness with rotation from 0 to 45° with respect to crossed polarizers 
(Figure 25). This indicates a highly anisotropic structure that is in agreement with the AFM 
analysis. The bulk structural anisotropy can be quantified as a function of aging time and 
molecular weight distribution using the dichroic ratio calculated from UV-vis absorbance 
spectra (Figure 26). This parameter is defined as the ratio of the (0-0) vibronic transition 
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peak between incident light polarized perpendicular and parallel to the coating direction. 
The dichroic ratio values generally mirror the AFM S2D and POM results, suggesting that 
the fibrillar structure probed at the mesoscale by AFM is generally representative of the 
macroscale structure. Moreover, high dichroic ratio values are consistently observed for 
P3HT-B and P3HT-M, demonstrating that anisotropic alignment can enable high charge 






Figure 25: Polarized optical microscopy micrographs as a function of molecular 
weight, rotated in increments of 15° between polarizers for a) 0, b) 2, c) 4, and d) 6 
days solution aging. 
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Figure 26: Dichroic ratio indicting the degree of structural anisotropy of P3HT 
aggregates on the macroscale as a function of molecular weight and aging time. 
Backbone alignment however, does not guarantee improved charge mobility as 
illustrated by P3HT-H. This sample generally exhibited high levels of alignment, but 
suboptimal charge transport properties. A decrease in the dichroic ratio was observed for 
P3HT-H at Day 4 and Day 6, mirroring a similar decrease in orientational order (AFM), 
decrease in crystal coherence length (GIWAXS), and increase in exciton bandwidth (film 
UV-vis). Taken together, these structural changes suggest the presence of non-ideal, 
defect-containing P3HT aggregates that cause inhomogeneous drying and interrupt charge 
transport pathways. 
3.3 Discussion 
Self-assembly of P3HT in solution and during the film deposition process can be 
framed as a solubility-driven crystallization problem. Exposure of P3HT chains to low dose 
UV light is believed to result in a photoexcitation induced conformational change from an 
aromatic to quinoid structure.41, 50, 66 In the excited state, enhanced π-orbital overlap 
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between adjacent thiophene rings results in increased planarization of the polymer 
backbone. This planarization facilitates the nucleation of ordered supramolecular 
assemblies through π-π stacking and is enhanced by the chain-length-dependent solubility, 
in which longer polymer chains favor polymer-polymer interactions over polymer-solvent 
interactions. Variations in the distribution of molecular weights impact the self-assembly 
process in two ways: 1) chain solubility, and 2) tie chain formation.110-113 Chain solubility 
will impact the growth rate of crystalline nanofibers while the ability to potentially form 
tie chains between nanofibers will impact the interconnectivity of any as formed network. 
In this study, the mass concentration of polymer rather than the molar concentration 
remained constant, further suggesting that the faster aggregation rate of P3HT-H arises 
from a driving force associated with solubility, rather than polymer chain concentration. 




Figure 27: Illustration of proposed mechanism in solution with low Mw (top row), 
medium/mixed MW (middle row), and high MW (bottom row) after nucleation and 
growth. Low MW samples enhanced chain solubility limits self-assembly while the 
short chain lengths limits tie chain formation in subsequent solution aging. 
Medium/blend samples leverage the enhanced solubility of short chains with tie-chain 
arising from long chains to form stable percolative networks. High MW samples form 
interconnected structures, but limited solubility creates grain boundaries with 
solution aging. 
As discussed above, the solutions prior to deposition start from different aggregate 
fractions, but the solid films end at approximately the same aggregate fraction. Since fibers 
rapidly come closer together as solvent evaporates, it is highly probable that the additional 
aggregation that occurs during drying accounts for some tie chain formation. Thress 
conditions are necessary to ensure that this final wave of aggregation yields a uniformly 
interconnected network of aggregates: (1) aggregates should remain suspended as long as 
possible and not phase separate into precipitates that cease to interact with the rest of the 
solution, (2) there must be enough free long chains to connect these suspended aggregates 
as they dry and come into closer contact, and 3) aggregates must be sufficiently aligned to 
ensure conjugation along the tie chain backbones. The 6-day-aged high-MW solution with 
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high aggregate fraction presents two problems: large, likely entangled aggregates that 
phase separate too quickly (shown in Figure 27), and a lack of sufficient free material to 
form additional tie chains. Conversely, the low-MW solutions likely have (1) too few 
aggregates to start with, and (2) not enough free long chains. In the blend, a moderate 
amount of aggregated material seems to satisfy both requirements. 
Understanding the role of polymer chain length on solubility and self-assembly 
provides insight into strategies to ensure long term stability of solution (semiconducting 
ink) formulations required for manufacturability. The proposed formation of tie-chains has 
implications not only on charge transport, but also on the alignment of nanofibers during 
blade coating. Solution-based ink formulations that lack robust structural stability will 
translate into unreliable electrical performance during high-volume, solution printing of 
low-cost flexible electronics. While filtration techniques could be adapted to remove 
undesired precipitates, this would add an additional layer of processing.46 Instead, the 
results presented here demonstrate that both short and long-term stability can be achieved 
by tailoring the distribution of semiconducting polymer molecular weights prior to 
nucleation and growth. While the average molecular weight appears to be more critical 
than the distribution, over multiple weeks, the blended polydisperse sample exhibited 
improved stability. Moreover, recent studies on the mechanisms of local aggregation, 
alignment, and charge transport anisotropy in non-semi-crystalline polymers suggest 
transferability of this blend approach to balance solubility and polymer network formation 




The need to develop interconnected aggregated polymer domains to form a 
percolative network for enhanced charge transport has been at the forefront of studies 
pertaining to the design and development of polymer semiconductor solution processing 
techniques. To date, the polymer electronics community has largely relied on high 
molecular weight, low polydispersity index materials to attain thin films of such networked 
structures. The results presented here provide a framework to better understand the 
interplay between polymer solubility, network interconnectivity and charge transport by 
varying the distributions of molecular weights across four samples. Herein, it was 
confirmed that self-assembly of semicrystalline polymers such as P3HT into 
interconnected networks is indeed dependent on polymer molecular weight: low molecular 
weight (37 kDa) P3HT displayed slow growth of aggregates after a UV-irradiation induced 
nucleation step affording poorly interconnected, nonaligned films exhibiting lower charge 
transport characteristics, while the reduced solubility of high molecular weight (95 kDa) 
samples of the same polymer resulted in rapid aggregate formation, ultimately leading to 
inhomogeneous films that interrupted percolative charge transport. The medium molecular 
weight P3HT sample (58 kDa) and one formulated with a blend of shorter and longer chain 
length samples (50:50 wt% 37:95 kDa) both displayed superior hole transport 
characteristics. The results suggest that the solubility characteristics of semiconducting 
polymers should be optimized in order to leverage polymer solution properties to achieve 
effective, interconnected charge transport pathways. Furthermore, the similar performance 
attributes between the blend and medium molecular weight materials, suggests that 
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blending of multiple batches of the same conjugated polymer is a viable approach to 
achieving robust and reproducible electronic performance. 
From an applications perspective, achieving and maintaining stable electrical 
performance from thin films derived from conjugated polymer solutions is paramount to 
enabling a printable electronics manufacturing environment. While this work utilized 
processing methods to self-assemble nanofibrillar aggregates, the conclusions obtained on 
retaining solubility to form percolative pathways during thin film deposition can be 
generalized to include non-self-assembling polymers. Here, a consistent mechanism that 
links the role of molecular weight to the level of aggregation in solution (process) and 
alignment of resultant nanofibrillar aggregates in thin films (structure) with charge carrier 
mobility (property) has been presented. Notably, similar structures and properties can be 
achieved with formulations comprising a single synthetic batch of polymer or blends of 
batches with notably different molecular weights to create samples with similar average 
molecular weight but different molecular weight distribution. This characteristic presents 
a realistic path to achieving manufacturable, low-cost semiconducting polymer ink 
formulations having reliable and reproducible performance attributes, obviating the need 
for precision, large-scale polymer synthesis on a commercial scale. 
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CHAPTER 4. CONTROL OF NUCELATION DENSITY IN 
CONJUGATED POLYMERS VIA SEED NUCLEATION 
4.1 Introduction 
Conjugated polymers are typically semi-crystalline resulting in a distribution of 
crystalline states and morphologies in the solid state depending on both the solution and 
thin film processing history. Macroscopic charge transport properties are thus governed by 
the assortment of interconnected pathways between highly conductive crystalline domains 
and less conductive amorphous regions. A myriad of studies has revealed microstructural 
features that influence charge transport including i) electron delocalization arising from 
ordered crystalline domains, ii) the formation of percolative charge transport pathways 
between crystalline domains, and iii) alignment of the crystallographic direction relative to 
the active channel. Developing processing techniques to understand and control the 
dynamic and complex crystallization processes in solution and during thin film formation 
to target specific structures is necessary to enable large scale, low cost printing of organic 
devices.     
Advances in processing strategies to achieve controlled manipulation of the 
morphology can be divided into three categories: 1) solution preprocessing, 2) controlled 
deposition methods, and 3) solid state post preprocessing. Poly(3-hexylthiophene) (P3HT) 
has emerged as a workhorse system to study these complex process-structure-property 
relationships in polymeric semiconducting devices. Advances in solution preprocessing 
methods have enabled the repeatable formation of semicrystalline π-π stacked nanofibril 
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structures. Highly controlled crystallization methods including self-seeding via cooling-
heating cycles and solvent quality manipulation115-116 result in highly crystalline nanofibrils 
but are limited by their inability to form percolative charge transport networks. A variety 
of other preprocessing techniques including ultrasonication,63 UV-irradiation,66 and 
microfluidics55 form semi-crystalline nanofibril domains that are interconnected via tie 
chains enabling percolative charge transport. However, these latter preprocessing methods 
lack control over the crystallization process as the manipulated variables are limited to only 
processing time. For example, in the case of UV-irradiation processing is limited to 
irradiation time. The ability to more precisely influence the crystallization process could 
aid in the reduction of grain boundaries that limits percolative charge transport. 
Controlled deposition techniques promise the ability to manipulate polymer 
crystallization by promoting long-range alignment between semicrystalline domains to 
reduce grain boundaries. Deposition of polymeric solutions has progressed from spin-
coating techniques to shear-coating methodologies that allow tuning of the time scale of 
solvent evaporation and/or chain planarization to promote self-assembly.56, 108, 117 Zone 
casting,118 doctor blading,50, 119 and template guided shear coating120-121 have all been 
shown to enhance alignment and thereby to increase the electrical performance of organic 
field effect transistors. However, these approaches require complex equipment and/or 
procedures to prepattern substrates and the blade and still result in the formation of 
significant grain boundaries. As an alternative approach, combined solution processing and 
controlled deposition protocols have been investigated to initialize the crystallization 
process in solution before being completed during film formation.122 Kim et al. proposed 
a general approach of shear-coating pre-aggregated polymer solutions using an off-center 
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spin coating procedure to manipulate the crystallization process.123 They observed 
enhanced charge carrier mobilities and mobility anisotropy using this approach with 
poly[(E)-1,2-(3,3’-dioctadecyl-2,2’-dithienyl)ethylene-alt-dithieno-(3,2-b:2’, 3’-
d)thiophene] (P18), and diketopyrroleopryrolethieno[3,2-b]thiophene (DPPT-TT). 
Similarly, Chang et al. studied the use of preformed one-dimensional nanofibers in solution 
prior to a simple blade coating deposition method.56 Improvements in charge mobility were 
demonstrated using both P3HT and poly(3-butylthiophene) (P3BT), compared with spin 
coated nanofibers and blade coated pristine solutions. The importance of forming pre-
aggregated polymer solutions before controlled deposition continues to be an active area 
of research with recent reports showing improved electrical performance using 
P(NDI2OD-T2)124 and PDPPDCBT.125 However, strategies to develop these nanofibers 
still rely upon temperature-controlled crystallization or solvent quality induced assembly 
limiting their implementation on an industrial-scale with continuous device fabrication. 
Facile processing methods to manipulate the nucleation process in the solution phase to 
enable in situ structural control remain elusive.       
Herein, we demonstrate a facile blending approach to control the self-assembly of 
P3HT chains into interconnected polymer structures via seed nucleation. Polymer solutions 
were pretreated with low-dose ultraviolet (UV) irradiation to induce nucleation into 
nanofibrillar structures, which has been previously demonstrated in the literature50. These 
crystalline nanofibrillar structures serve as seeds. The nucleated P3HT samples were 
blended with amorphous, non-nucleated counterparts in different blend ratios to tailor the 
relative amount of seeds versus free chains. These solutions were subsequently aged to 
drive further growth and self-assembly into an interconnected network composed of 
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crystalline regions connected by tie chains. Enhanced aggregation of UV-irradiated P3HT 
solutions was driven by time-dependent self-assembly (solution aging).50, 126 The role of 
varying the nucleation seed density on structure and corresponding charge transport was 
studied in both a batch system and continuous flow approach. Further, the impact of the 
formed P3HT networks on charge transport was characterized via organic field-effect 
transistor (OFET) device measurements. Analysis of the UV-vis solution and thin-film 
absorption spectra, small-angle X-ray scattering (SAXS), wide-angle X-ray scattering 
(WAXS), and atomic force microscopic (AFM) and polarized optical microscopic (POM) 
images informed mechanistic understanding of the relationships between nucleation seed 
density, structure of formed networks, and charge transport. Overall, blending of nucleated 
and non-nucleated polymer solutions was demonstrated to be a viable approach to control 
the growth rate of interconnected networks, an essential characteristic of robust, continuous 
large-scale processing.       
4.2 Results and Discussion 
4.2.1 Mobility Dependence on Seed and Amorphous Chain Molecular Weight 
Two P3HT samples having different molecular weights (Mw) and polydispersity 
index (PDI) values (Table 1) were evaluated to investigate ideal polymer characteristics of 
the nucleated samples (seeds) and amorphous samples (tie chains). The investigated 
combinations of molecular weights are highlighted in Table 5. Figure 28 illustrates the 
process to produce seed nucleated samples by treating one solution with 8 min of UV 
irradiation (nucleated: UV) followed by blending with an untreated sample (amorphous: 
AM). Blend ratios of 20%, 50%, and 80% by volume were subsequently aged up to 48 
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hours and deposited via blade-coating onto field-effect transistors for AFM and electrical 
analysis.126 Notably, the blade-coating direction is parallel to the source and drain electrode 
to produce uniaxially aligned nanofibers per prior reports in the literature.50           








UV37:AM95 37 95 
UV95:AM37 95 37 
UV95:AM95 95 95 
 
Figure 28: Solution blending procedure of blending pre-nucleated seeds formed via 
UV-irradiation with amorphous chains followed by solution aging. 
Variations in the nanofibril morphology probed via AFM analysis can help 
elucidate relationships between polymer network formations and molecular weights of the 
seed and tie chain polymers. Immediately after UV-irradiation and blending, only the 
UV95:AM95 sample displayed discernable features, but only with the 80% nucleated 
sample. Notably, this does not indicate that nanofibers were not present, but rather they 
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were not found at the P3HT-air interface. All samples investigated exhibited nanofibril 
morphologies after 48 hours of solution aging (Figure 29).  
 
Figure 29: AFM images of P3HT-air interface after 48 hours of solution aging. 
Recent advances in AFM image processing has enabled quantification of alignment 
and packing density of nanofibril structures to help elucidate relationships between 
processing and structures.70, 108 Figure 30 shows the AFM images of the UV37:AM 95 and 
UV95:AM37 samples after image processing. These images suggest that enhanced 
alignment occurs when high molecular weight chains are free in solution to form tie chains 
between seed crystals. Inclusion of a higher percentage of 37 kDa P3HT regardless if it 
was nucleated or not (ie UV37:AM95 or UV95:AM37) resulted in less densely packed and 
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more isotropic fibers and vis versa. In contrast, the UV95:AM95 sample exhibited densely 
packed and highly aligned morphologies, independent of the volume fraction of nucleated 
P3HT. Morphologically the improved alignment and packing density suggests that larger 
interconnected networks are formed when both seeds and tie chains are comprised of higher 
molecular weight P3HT.  
 
Figure 30: AFM images and corresponding imaged-processed results for the 
UV37:AM 95 (top) and UV95:AM37 (bottom) as a function of increasing percent seed 
nucleation. 
A similar conclusion can be drawn when evaluating the percolative charge transport 
properties from OFET analysis. Figure 31a depicts the charge carrier mobility (μ) for all 
three samples as a function of aging time and volume percent of nucleated P3HT. 
Immediately after mixing the seed and tie chains solutions (0 hrs), an increase in μ with an 
increase in the percent of nucleated P3HT was observed for all samples. Similarly, solution 
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aging increased charge mobility in all cases. Combined, these indicate a nucleation and 
growth mechanism via seed nucleation induced crystallization as the seeds provide few 
potential pathways for charge transport at 0 hrs, followed by improved interconnectivity 
from additional crystallization with solution aging. Notably, the UV95:AM95 sample 
exhibited the highest charge mobility after 48 hours of solution aging with average values 
exceeding 0.18 cm2/V-s, independent of the nucleation volume fraction. In contrast both 
the UV37:AM95 and UV95:AM37 exhibit a positive correlation between charge mobility 
and percent of nucleated P3HT. These results suggest synergistic enhancements when high 
molecular weights polymers are employed as both seed nuclei and tie chains which can be 
attributed to the improved formation of an interconnected percolative network in the solid 
state. 
 
Figure 31: a) Charge mobility and b) solution aggregate fraction as a function of seed 
and amorphous molecular weight and volume percent of seeds.  
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Examination of the solution UV-vis absorption spectroscopy can help elucidate the 
role of solution self-assembly on the final thin film properties. Immediately after solution 
preprocessing, both samples comprised of 95 kDa P3HT seeds display similar aggregation 
behavior, independent of the amorphous polymer Mw, as shown in Figure 31b. At this 
time point, the addition of the amorphous solution does not impact the solution self-
assembly but does influence the final film properties as seen in the charge mobility curves 
(Figure 31a). The addition of the amorphous 95 kDa solution results in higher charge 
mobility compared to the 37 kDa P3HT solution, suggesting improved interconnectivity 
between the seeds with higher Mw chains during the deposition process. Furthermore, upon 
solution aging, the UV95:AM95 sample exhibits more aggregation compared to the 
UV95:AM37 sample, indicating enhanced time-dependent aggregation in solution with 
higher Mw chains that transfers during the film deposition. This likely arises due the 
reduced solubility of higher molecular chains in solution.126 Finally, the decreasing 
electrical performance of the UV37:AM95 samples at 48 hrs likely arises from the 
formation of grain boundaries beginning at the mixing of the nucleated and amorphous 
samples (0 hrs). The low aggregate fractions at 0 hrs, even at a nucleated volume fraction 
of 80%, demonstrates that low molecular polymers do not readily form seed crystals due 
to their high solubility. While solution aging with amorphous 95 kDa P3HT does result in 
large aggregates as shown via AFM (Figure 30), this likely arises from solubility driven 
self-assembly of the higher molecular chains, previously reported in the literature and in 




4.2.2 Mechanistic Understanding of Seed Nucleation via Controlled Self-Assembly 
The observed tunability of both the solution and thin film properties makes the 
UV95:AM95 sample a prime candidate to elucidate the mechanism of self-assembly of 
interconnected polymer networks derived from seed nucleation. Blends with 0, 20, 50, 80 
and 100% nucleated samples were blended with amorphous counterparts and subsequently 
characterized after aging in solution. Figure 32 presents the evolution of the solution UV-
vis absorption spectra of all nucleated samples as a function of aging time.  
 
Figure 32: Solution UV-vis absorption spectra of a) 100%, b) 80%, c) 50%, d) 20%, 
and e) 0% nucleated P3HT. 
To quantify the degree of aggregation in solution, the spectra were deconvoluted 
into amorphous and aggregated contributions. Figure 33a depicts the change in solution 
aggregation fraction as a function of volume percent of nucleated P3HT solution and aging 
time. Note that the aggregate fraction does not provide information on the absolute size or 
quantity of crystals but instead is a bulk measurement quantifying aggregation. Once again, 
an increase in aggregate fraction is observed with increases in aggregate fraction and aging 
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time, indicating a time-dependent seed crystallization self-assembly process. This 
crystallization process was modelled according to the Avrami equation to quantify the 
growth kinetics and dimensionality of growth. This equation is given by 
 𝜃(𝑡) = 𝜃𝑡 − 𝜃𝑜 = 1 − exp(−(𝑘𝑡)
𝑛) (12) 
where θ(t) is the crystallinity at time t, k is the growth rate constant and n is the Avrami 
exponent that describes the dimensionality of the growth process. As seed crystallization 
was modelled here, the contribution of aggregation from the seeds (θo) was subtracted from 
the recorded crystallinity at each time point (θt).  
 
Figure 33: a) Aggregate fraction as a function of seed percent and aging time from 
deconvolution of UV-vis absorption spectra and b) Sharp-Hancock plots to extract n 
and k from the slope and intercept, respectively. 
The modeled data is generally in good agreement with Equation 12 as shown in 
the Sharp-Hancock plots in Figure 33b with the extracted growth rate and Avrami 
exponent values tabulated in Table 6. The low Avrami exponents (<1) are consistent with 
previous reports on polymer crystallization studies in which crystal growth is hindered 
through the partial incorporation of chains in neighboring crystals or an inability of chain 
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segments to diffuse away from the growth front.127-128 Herein, two distinct crystallization 
processes are observed depending on the volume fraction of seeds. A higher value of k and 
lower n are observed with higher volume fractions of seeded P3HT (>50%) and vice versa. 
This suggests that while a large seed ratio results in faster growth of aggregated domains, 
the growth process is heavily influenced by the transport of chains to the growth front. In 
contrast, with a low seed ratio the slower crystallization process allows chains to 
successfully locate and crystallize at the growth front. Structurally, this should result in a 
mixed crystalline-amorphous motif of aggregates connected via tie chains with a high seed 
ratio compared to 1D nanofibril structures with a low seed ratio. Note that the 20% 
nucleated sample exhibits a significantly higher root mean squared error (0.199).  




k (hrs-1) n RMSE 
100 0.230 0.420 0.053 
80 0.110 0.534 0.057 
50 0.240 0.393 0.046 
20 0.003 0.974 0.199 
0 0.030 0.738 0.029 
 
UV-vis absorption spectroscopy of the thin films indicate that the structures formed 
in solution survived the deposition process. The spectrum demonstrated distinct 
dependence on both the seed volume fraction and solution aging time (Figure 34). The 
exciton bandwidth (W) was extracted from these spectra to describe the degree of 
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intrachain order according to Spano’s model.76, 129 A low W corresponds to a long 
conjugation length and high intramolecular order, and vis versa. Again, a time-dependent 
decrease in the exciton bandwidth was observed for all seed ratios as shown in Figure 36a. 
Moreover, lower W values are observed as the volume percent of nucleated P3HT 
increases, in agreement with the Avrami analysis. The decrease in exciton bandwidths from 
over 75 meV immediately after mixing to W values under 50 meV for all samples except 
the 0% nucleated sample suggests the growth of interconnected tie chain between 
aggregates from a high degree of intrachain order. In contrast, in the absence of seeds, the 
exciton bandwidth does not decrease below 70 meV, consistent with the formation of 
isolated 1D nanofibers.  
 
Figure 34: Thin film UV-vis absorption spectra of a) 100%, b) 80%, c) 50%, d) 20%, 




Figure 35: a) Thin film exciton bandwidth and b) S2D as a function of seed volume 
fraction and solution aging time. c) Positive correlation between fiber length density 
extracted from AFM analysis and aggregation fraction extracted from solution UV-
vis analysis. d) Positive correlation between orientational order extracted from AFM 
analysis and aggregation fraction extracted from solution UV-vis analysis.   
The degree of alignment across multiple length scales has been presented as a proxy 
for polymer network interconnectivity. Figure 36 depicts representative AFM images after 
24 hours of solution aging in which a clear increase in orientation and fiber packing density 
(ρFL) with an increase in the percent of nucleated P3HT can be observed. The S2D and ρFL 
values calculated for each image are in good agreement with the solution UV-Vis and 
Avrami analysis. A clear distinction can be observed between samples with a percent of 
nucleated P3HT above 50%, which exhibit an S2D greater than 0.4 with 0 hrs of aging 
before plateauing at 0.9 after 24 hours aging, compared to samples below 20% that exhibit 
no alignment at 0 hrs and require at least 48 hours reaching maximum alignment (Figure 
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36b). Combined with the Avrami analysis, these S2D results suggest that the degree of 
orientational order is likely a strong proxy to quantify the degree of polymer assembly 
interconnectivity. Samples with a higher S2D experience enhanced interconnectivity. 
Furthermore, both the packing density of fibers and orientational order are strongly 
correlated with the aggregate fraction across all samples observed in solution as shown in 
Figure 35c and d. A direct and robust correlation between solution characteristics and film 
structures has been a long-desired goal in solution processed organic electronics to enable 
in-situ control and monitoring of the solution phase for industrially relevant processing. 
The results herein suggest that the UV-vis solution aggregate fraction could serve as this 
metric.   
 
Figure 36: AFM images of all samples after 24 hours of solution aging with increasing 
nucleated P3HT from 0 to 100%.  
 A high degree of alignment was seen beyond the mesoscale using POM and linear 
polarized UV-vis absorbance. Alignment quantified by normalizing the intensity of POM 
images and the dichroic ratio extracted from polarized UV-vis analysis, as shown in Figure 
37, exhibited similar trends as the AFM analysis. This suggests that orientational order 
found at the meso scale also exists on the macro scale. This trend is generally seen across 
all samples except in the 100% seed nucleated sample. In this sample, the macroscale order, 
as probed via POM images and the dichroic ratio decreases after 24 hours aging. This could 
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arise from the formation of aggregates that are too large to effectively align upon 
deposition, resulting in lower orientational alignment as discussed in Chapter 2. 
 
Figure 37: a) Relative intensity extracted from POM images and b) dichroic ratio as 
a function of seed volume fraction and aging time   
Both wide angle X-ray scattering (WAXS) and small angle X-ray scattering 
(SAXS) were utilized to probe the role of seed nucleation on the crystalline texture on the 
mesoscale. Figure 38 shows the representative SAXS images from 24 hours of solution 





Figure 38: SAXS images of a) 100%, b) 80%, c) 50%, d) 20%, and e) 0% nucleated 
P3HT after 24 hours of solution aging. 
 
Figure 39: WAXS images of a) 100%, b) 80%, c) 50%, d) 20%, and e) 0% nucleated 
P3HT after 24 hours of solution aging. 
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Figure 40: a) Lamellar stacking distance, b) π-stacking distance, c) coherence length, 
and d) Herman’s orientation factor of thin film as a function of seed volume fraction 
and solution aging time.  
 Lamellar and π- π stacking distances were quantified from the (100) and (010) 
peaks, respectively. No observable trends relating the lamellar and π- π stacking distances 
to the seed nucleation percent or aging time were seen with values ranging between 15.9 
and 16.6 Å and 3.7 and 4.1 Å respectively (Figure 40a and b). A dependence on the seed 
nucleation percent and aging time was observed in the coherence length along the (100) 
direction and Herman’s Orientation Factor (Figure 40c and d). Once again, distinct 
differences between samples with a high seed nucleation percent (>50%) and those with a 
low (<20%) were exhibited. A generally higher coherence length (>90 nm) and Herman’s 
orientation factor (>0.55) was observed with a high nucleation percent and vice versa. 
These results suggest, in agreement with the UV-vis and AFM analysis, that a higher 
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fraction of seed nuclei results in structures with a lower degree of paracrystalline disorder 
manifesting in increased local crystallinity and meso-and macroscale alignment. Notably, 
the 50% nucleated P3HT sample displays a linear increase in coherence length along the 
(100) direction with solution aging time from 91 nm at 0 hrs to 117 nm after 48 hours. This 
likely arises from an optimal balance of seed-induced growth in solution with the film 
formation process during blade-coating.              
Ultimately, the structural features proposed through the prior characterization 
should manifest in differences in electrical properties. Electrical charge transport properties 
were characterized through OFET analysis of transistors operating in the saturation regime. 
All transfer curves displayed the typical features of p-channel OFETs operating in the 
accumulation mode. The extracted charge carrier mobility and threshold voltage results are 
presented in Figure 41a and b. Immediately after mixing the seed and amorphous samples 
(t = 0 hrs) charge transport is driven mainly by the presence of seeds as μ increased from 
4x10-3 cm2/V-s with 0% seeds to 1.2x10-1 cm2/V-s with 100% seeds. Aging of the solutions 
results in a general increase in the measured charge transport properties. Notably, the 20% 
seed sample exhibits the largest enhancement in electrical properties, with an initial μ of 
3.3x10-2 cm2/V-s to mobility values exceeding 1.9 x10-1 cm2/V-s after 48 hours of solution 
aging. As suggested in the characterization discussion above, the increase in electrical 
performance arises due to the formation of structural motifs that are more conducive to 
transport. The results shown here indicate that samples comprised of 20%, 80%, and 50% 
P3HT seed volume fractions can effectively form interconnected polymers networks 
resulting in enhanced charge transport. In contrast, the 100% P3HT seed case rapidly forms 
an aggregated structure, but further aging results in the formation of grain boundaries that 
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disrupt charge transport. The 0% P3HT seed case is likely subjected to a nucleation and 
growth mechanism that promotes the formation of a small number of 1D nanowires. 
Notably, the degree of aggregation in the 0% P3HT seed case is similar to that of the 20% 
case (Figure 33c) so the main difference between these two samples is the relative number 
of nuclei. The 0% P3HT seed case lacks nuclei distributed throughout the medium resulting 
in the formation of grain boundaries that disrupt charge transport.        
 
Figure 41: a) Charge carrier mobility and b) threshold voltage extracted from OFET 
analysis as a function of seed volume fraction and solution aging time. c) Positive 
correlation between charge mobility and solution aggregate fraction. 
Overall, this study suggested that the nucleation and growth rate can be tuned by 
varying the volume fraction of P3HT seeds added to an amorphous sample with subsequent 
solution aging. By varying the seed volume fraction in solution, the mechanism of growth 
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has been shown to vary between 1D nanofibers in low seed volume fractions and 
interconnected polymer networks with high seed volume fractions. Notable the degree of 
aggregation in solution can be manipulated via the percent of seeds, suggesting the use of 
feedback control systems to precisely control process-structure relationships in large scale, 
industrial settings (Figure 41c). Furthermore, the ability to obtain similar μ values despite 
differences in the quantity of seeds indicates a robust processing method over 20-80% 
seeding.   
4.2.3 Mechanistic Understanding of Seed Nucleation via Controlled Self-Assembly 
As industrial-scale roll-to-roll printing of large area solution processable organic 
electronic devices continues to advance, morphological control must process from batch 
experiments into continuous flow systems. Figure 42 illustrates the continuous flow 
microfluidic setup in which two polytetrafluorethylene (PTFE) tubes (Cole-Parmer 
Instrument Company) of inner diameter of 0.762 mm and length 3.35 m were connected to 
syringe pumps containing dissolved P3HT in chloroform. One of the tubes was exposed to 
UV light over a residence time of 15 seconds to form nucleated P3HT before mixing via a 
static mixer with a non-nucleated sample55. The mixture subsequently flowed through a 
recollection tube to promote nanofibrillar and polymer network growth. Blade coating onto 
OFET substrates and glass slides for characterization was completed approximately 5 
minutes later to reduce the impact of aging affects.  
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Figure 42: Continuous flow setup in which P3HT solutions are pumped through 
PTFE tubing before mixing in a static mixer. The UV-irradiation residence time is 
fixed at 15 seconds. The pump flow rate and tube length after mixing are the varied 
process parameters in this system.   
A two-level, two-factor experimental design scheme was used to investigate the 
impact of flow rate and recollection tube length on P3HT self-assembly into ordered, 
interconnected fibrillar domains. The high and low levels for the flow rates were 0.025 
ml/s and 0.0125 ml/s while the recollection tube length was either 1.5 m or 4.5 m. These 
settings are summarized in Table 7. To compare the results to the batch studies conducted 
in this study, the same molecular weight mixtures (UV37:AM95, UV95:AM37 and 
UV95:AM95) were used to screen for the impact of chain length on seed and amorphous 







Table 7: Continuous flow settings for the recollection tube length and flow rate. 






LL:LF 1.5 0.0125 27.4 
HL:LF 4.5 0.0125 82.1 
LL:HF 1.5 0.0250 13.7 
HL:HF 4.5 0.0250 41.0 
*Sample names: Low (L) and high (H) settings of tube length (L):flow rate (F) 
*Eg LL:LF has low tube length and low flow rate settings 
*All samples exposed to 15 s of UV-irradiation by changing tube length exposed to light 
 
Figure 43: OFET charge mobility from the continuous flow system as a function of 
flow settings and molecular weights.   
Figure 43 highlights the charge carrier mobility results as a function of sample 
(seed: amorphous ratio) and flow conditions. Generally higher charge carrier mobility 
values were observed for samples with a high amorphous P3HT MW (95 kDa) regardless 
of the MW of the P3HT seed, in agreement with the results obtained in the batch studies 
shown in Figure 28. The mobility values for these samples (UV37:AM95 and 
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UV95:AM95) exceed 0.09 cm2/V-s, with the exception of the LL:HF sample flow 
condition. In contrast, UV95:AM37 with a low molecular weight as the amorphous sample, 
exhibited significantly lower mobility, ~0.07 cm2/V-s. The differences in the mobility 
values likely arise from the degree of interconnectivity as reported in the batch discussions 
above. Notably, the mobility values observed in the continuous flow study are generally 
lower than the batch 48-hour aged results (Figure 28). This could arise due to “over-
processing” of the continuous flow samples that requires further optimization or a distinct 
self-assembly mechanism.  
UV-vis absorption spectra of the solution state depict distinct differences in the 
assembly behaviour in solution between continuous flow processing and batch processing. 
Figure 44a depicts the aggregate fractions obtained via continuous flow processing as a 
function of seed and amorphous molecular weights and flow processing conditions. 
Generally, higher flow rates result in larger aggregate fractions regardless of the molecular 
weights of the seeds and the tube length as seen in the LL:HF and HL:HF conditions with 
aggregate fractions exceeding 30% in these samples. This likely arises from the increased 
shear that helps to planarize individual chains to form aggregates.55 The increased 
aggregate fraction of the UV95:AM95 (37%) sample at the HL:LF condition compared to 
the UV37:AM95 (27%) and UV95:AM37 (25%) is likely a combination of the decreased 
solubility of the longer chains and the longer residence in the tube systems.  
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Figure 44: a) Aggregate fractions obtained via the continuous flow system as a 
function of molecular weight and flow settings and b) Correlations between aggregate 
fraction and charge mobility for all processing conditions conducted in this study. 
Notably, the aggregate fractions obtained via the continuous flow system are 
substantially higher than their batch counterparts. This is shown in Figure 44b with the 
aggregate fraction and corresponding charge carrier mobility plotted as a function of 
processing conditions for all datapoints collected in this study. Note that the squares 
represent the continuous flow data presented in this section, the triangles are the batch data 
from Section 4.2.1, and light circles represent the data collected in the previous section, 
Section 4.2.2. A strong positive correlation between aggregate fraction and charge mobility 
exists for all batch processing as an increase in aggregate fraction results in enhanced 
charge transport. However, an increase in solution aggregate fraction obtained during 
continuous flow processing does not result in improved charge carrier mobility. This could 
arise from the combination of two effects 1) there exists a different mechanism of self-
assembly in continuous flow processing compared to batch processing or 2) the continuous 
flow system has resulting in “over processing” to form large aggregates that limit charge 
transport through grain boundaries. Studies by Wang et al. have hypothesized the 
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formation of shish-kebab structures that differ structurally from interconnected 
nanostructures through examination of the structures obtained via AFM analysis.55, 82                   
Differences in the thin film morphology alignment and packing density can be seen 
via quantification of AFM images. Figure 45a and c depict the orientational alignment 
(S2D) and fiber packing density from AFM images as a function of seed and amorphous 
chain molecular weight and continuous flow settings. The UV95:AM95 sample exhibits 
enhanced alignment and fiber packing density compared to the UV37:AM95 and 
UV95:AM37 samples but this does result in improved charge carrier mobility (Figure 43). 
Similarly, to the aggregate fraction analysis, devices fabricated from continuous flow 
processing cluster in distinct areas when plotted against charge carrier mobility (Figure 
45b and d). The features that form during continuous flow processing are structurally 
different from those formed in batch processing.  
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Figure 45: a) S2D order parameters obtained via the continuous flow system as a 
function of molecular weight and flow settings. b) S2D and charge mobility for all 
processing conditions conducted in this study. c) Fiber length density obtained via the 
continuous flow system as a function of molecular weight and flow settings. d) Fiber 
length density and charge mobility for all processing conditions conducted in this 
study.    
In light of the report process-structure-property relationships reported herein, 
several key points of interest require discussion. Firstly, in this study, batch processing was 
shown to obtain higher electrical properties but requires the cost of additional processing 
time (solution aging). Furthermore, it is unknown if structures formed during batch 
processing can be subsequently flown through nozzles to enable desired roll-to-roll 
printing. In contrast, continuous flow process exhibited lower electrical properties in this 
study, but at the benefit of a more robust and facile processing method. This is not to state 
that continuous flow processing results in structures that are detrimental to percolative 
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charge transport but rather that subsequent optimization experiments exploring the impact 
of tube length or tube size need to be conducted. Secondly, the charge mobilities of all the 
samples (UV37:AM95, UV95:AM37 and UV95:AM95) are consistent regardless of the 
tube length or flow rate (Figure 43) compared to the dependence on aging time and seed 
volume fraction demonstrated in the batch studies. This suggests a more robust and 
consistent self-assembly process in continuous flow compared to batch processing. 
Overall, the quantification of process-structure-property relationships can help guide the 
transferability of processing methods from batch to continuous flow systems that may be 
required to enable industrial-scale solution printing of organic electronic devices.  
4.3 Conclusions 
The use of seed nucleation as a processing method in organic electronics enables 
precise control of the nucleation and growth rate in solution. Control over the growth of 
semicrystalline nanofibers is essential to the development of high-performance OFET 
devices. Supramolecular ordering and crystal alignment on both the meso- and macroscale 
was greatly enhanced through the addition of seed nuclei prior to solution aging. Herein, it 
was found that the molecular weight of both seed crystals and amorphous chains is a key 
processing parameter to enable the growth of interconnected polymer networks for 
percolative charge transport. Higher molecular weight chains can more effectively form 
seed nuclei due to the lower solubility of the long chains. Furthermore, higher molecular 
weights samples are better served as the amorphous component due to their ability to 
interconnect crystalline domains.  
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Strong correlations between the solution aggregate fraction and charge mobility 
values were observed in batch processing studies. This may enable feedback control 
systems that can be implemented to add more seeds or amorphous chains to maintain an 
ideal solution structure. It is likely that a similar approach can be adopted to further control 
the self-assembly in the continuous flow system once an optimal processing window is 
discovered that results in the formation of fewer aggregates (aggregate fraction <20%).   
The results provided here underscore the importance of control over the formation 
of grain boundaries and interconnected networks for polymeric semiconductors. As such   
the results found in this study using P3HT should be generalizable to other self-assembling 
polymer systems such as PBTTT. Furthermore, it is expected that other methods to initially 
form seeds, such as solution aging or poor solvent addition, would be applicable to this 
approach. The systematic quantification of process-structure-property relationships is 
essential as the development of organic electronic processing methods transfer from lab 




CHAPTER 5. A GENERAL APPRAOCH TO DEVELOP 
GLOBALLY INTERCONNECTED CONJUGATED POLYMERS 
VIA POOR SOLVENT MANIPULATION 
5.1 Introduction 
The complex role that the choice of solvent plays in the morphological evolution 
of conjugated polymers from the solution state into thin films, has been of key interest 
since the discovery of solution processable organic electronics.30, 130-131 Understanding of 
the role of solvents on morphology has progressed from the use of binary solvents towards 
tuning the solvent quality through cosolvent addition. The selection of the good solvent, a 
solvent with energetically favorable interactions with the polymer, can reduce 
entanglements and promote chain elongation. The addition of a poor solvent that has 
unfavorable interactions with the polymer can enable self-assembly of aggregates as the 
chains reorganize to minimize unfavorable interactions in the solution phase64. 
Furthermore, the use of cosolvents with differing volatilities and surface tensions adds 
increased complexity to the formation of structures during thin film deposition processes. 
More recently, efforts to select solvents that are compatible with multiple components, for 
example elastomers with conjugated polymers to enable stretchable devices, have been 
investigated.49 The potential to elucidate process-property relationships that generalize 
across multiple conjugated polymer systems makes the cosolvent approach a promising 
approach for large scale, industrial applications.    
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Although significant advances have been made towards demonstrating multi-
solvent systems as an industrially relevant processing technique, several challenges remain. 
The mechanism of poor solvent driven-assembly relies upon minimizing unfavorable 
interactions between polymers and poor solvents. This mechanism has been hypothesized 
to form nanofibers with enhanced intramolecular ordering but limited intermolecular 
connectivity; fringe chains that could potential form tie chains are instead retracted due to 
the poor solvent108. Processing methods to promote the formation of interconnected 
polymer networks through manipulation of the cosolvents are required for enhanced charge 
transport. Furthermore, elucidating the relationship between cosolvent selection and time-
dependent self-assembly is essential for the formulation of reliable and robust ink 
formulations. The role of time-dependent self-assembly has been previously demonstrated 
to enhance charge transport properties in binary solvent systems but has not yet been 
applied to cosolvent systems.  
Herein, we propose a general blending approach to optimize interconnected 
polymer networks by controlling the volume fraction and time-dependent self-assembly 
using cosolvent addition. This approach was demonstrated using the conjugated polymer 
poly(3-hexylthiophene) (P3HT) dissolved in chloroform with 2-methylpentane (2-MP) as 
the poor solvent. The role of time-dependent self-assembly was investigated by 1) adding 
poor solvent followed by solution aging, 2) solution aging followed by poor solvent 
addition and 3) comparing to a control sample without poor solvent. Analysis of the 
solution and film UV-vis absorption spectra, small-angle X-ray scattering (SAXS), wide-
angle X-ray scattering (WAXS), and atomic force microscopic (AFM) and polarized 
optical microscopic (POM) images were used to elucidate the mechanism of self-assembly 
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in cosolvent-driven self-assembly. It was found that aging a polymer solution prior to poor 
solvent addition forms an interconnecting polymer network with enhanced charge transport 
properties as characterized via organic field-effect transistor (OFET) device measurements. 
Time dependent self-assembly was also observed in poly[2,5-bis(3-tetradecylthiophen-2-
yl)thieno[3,2-b]thiophene] (PBTTT) demonstrating the generalizability of the approach.    
5.2 Methods 
Consistent with the other studies in this thesis, a constant concentration of 5 mg/ml 
of P3HT in chloroform was used. P3HT was dissolved in CHCl3 at 55°C for 20 minutes 
and subsequently cooled to room temperature for 15 minutes. In the Age:Poor sample, 
P3HT was withdrawn from this stock solution at times of 0, 6, 24, and 48 hours and added 
to 4 ml borosilicate vials followed by the addition of 20% by volume of 2-methylpentane 
(2-MP) to each sample. The vials were then stirred at 300 RPM for 5 minutes to ensure 
homogeneous mixing of the good and poor solvents. Device and structural characterization 
were then conducted according to the procedures outline in Chapter 2. In the Poor:Age 
sample, 20% of 2-MP was added to the cooled stock solution and stirred at 300 RPM for 5 
minutes. Device and structural characterization were then conducted immediately (0 hrs) 
and at 6, 24, and 48 hours. Finally, the Age sample served as the control without poor 
solvent. All samples were stored in ambient conditions in the dark. These processing 
methods are illustrated in Figure 46. 
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Figure 46: Illustration of investigated processing methods to investigate role of poor 
solvent addition and time-dependent self-assembly.   
5.3 Results and Discussion 
5.3.1 Mechanistic Understanding of Self-Assembly using P3HT 
5.3.1.1 Solution UV-Vis Characterization 
Solution UV-vis absorption was used to characterize the degree of self-assembly in 
solution. The absorption spectra of the three investigated cases termed Age:Poor, 
Poor:Age, and Age are shown in Figure 47. The broad peak centered at ca. 455 nm 
corresponds to isotropic chains with random degrees of conjugation. The addition of poor 
solvent, in the Age:Poor and Poor:age samples results in the development of shoulder peaks 
at ca. 615 nm (0-0) and 570 nm (0-1). These peaks arise from the increase in conjugation 
length as chains planarize and self-assemble in nanofibril aggregates. The UV-vis 
absorption spectra can be deconvoluted into aggregate and amorphous contributions by 
fitting the vibrionic peaks to Frank-Condon progressions. Figure 47d depicts the extracted 
aggregate fractions of the three samples as a function of solution aging time. The solution 
without poor solvent and relies purely on time-dependent self-assembly displays an 
increase in the aggregate fraction from 2% at time 0 to 14% after 48 hours of solution 
aging. In contrast, the Age:Poor and Poor:Age samples display a small increase in 
aggregate fraction upon addition of the poor solvent (9%) before a large increase to ca. 
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35% after 6 hours of aging regardless of the order of processing. Notably, after 6 hours of 
solution aging the time of poor solvent addition does not impact the aggregate fraction of 
the Age:Poor sample. In contrast, the Poor:Age sample continues to follow time-dependent 
self-assembly. As the composition of the Poor:Age and Age:Poor samples are identical and 
only differ by the order of processing, similar solution aggregation behavior is expected; 
the aggregate fraction only informs the degree of aggregation and not the size or quantity 
of aggregated.              
 
Figure 47: Solution UV-vis spectra of a) Age:Poor, b) Poor:Age, and c) Age samples 
as a function of aging time. d) Extracted aggregate fraction from deconvolution of 




5.3.1.2 X-Ray Scattering Analysis 
X-Ray scattering was used to probe the mesoscale crystallinity of the thin films 
after blade coating. Figure 48 depicts representative small angle X-ray scattering (SAXS) 
images of the three samples after 24 hours of aging. The lamellar packing distance was 
extracted from the peak position of the (100) peak and displayed values between 16 and 18 
Å, consistent with literature values for P3HT. There were no observable trends in the 
lamellar stacking distance as a function of processing order or solution aging time.  
The full-with half maximum of the (100) peak was used to quantify the coherence 
length, a measurement of the size of the crystalline grains (Figure 48b). The Age sample 
displayed the lowest coherence length with values ranging between 84 nm at 6 hrs of 
solution aging and 100 nm after 48 hours. The lack of an external driving force for self-
assembly besides solution aging results numerous microscale defects from imperfect 
packing at the aggregate level, resulting in a low coherence length. In contrast the Poor:Age 
sample displays the highest coherence length that is also subjected to time-dependent 
assembly. The coherence length in this sample increases from 108 nm after 6 hours of 
aging to 119 nm after 48 hours, indicating the addition of poor solvent plus solution aging 
reduces defects at the microscale level. In contrast, the Age:Poor sample exhibits a constant 
coherence length (ca. 104 nm) with solution aging time. This likely suggests the formation 
of a baseline degree of crystallinity that is locked into place upon addition of the poor 




Figure 48: a) SAXs images of Age:Poor (left), Poor:Age (center) and Age (right) after 
24 hours of solution aging time. b) Coherence length and c) Herman’s orientation 
factor as a function of processing conditions and solution aging time  
Finally, the angular dependence of the scattering intensity of (100) peak was used 
to determine the Herman’s orientation factor that describes the orientation of crystalline 
grains relative to the substrate surface, shown in Figure 48c. Both the Age:Poor and 
Poor:Age samples display similar Herman’s orientation factor values (ca. 0.65). This 
indicates that the crystalline domains formed display a large edge-on fraction compared to 
face-on. In transistor applications in which carriers move parallel to the substrate surface, 
more edge-on characteristics has been shown to be beneficial to enhancing charge mobility. 
The Age samples has a constant Herman’s orientation factor around 0.5, indicating a more 
random distribution of orientations relative to the surface. These results suggest that the 
development of nanofibril domains aids the orientational ordering of the nanofibers during 
the film deposition process.             
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5.3.1.3 Morphological Characterization 
Finally, atomic force microscopy (AFM) images were used to characterize the 
degree of alignment and packing density of nanofibrillar domains. Based on the image 
process AFM images shown in Figure 49, the observed morphologies for the Age:Poor 
and Poor:Age are fairly isotropic despite the use of shear-inducing blade coating procedure. 
In contrast the Age sample displays more anisotropic features but only after 48 hours of 
solution aging. Note that nanofibers were not observed in the AFM images taken 
immediately after initial processing (0 hrs). The degree of orientation order and packing 
density can be quantified using open-source imaging process software. Figure 50a displays 
the extracted S2D orientational order parameters while Figure 50b displays the packing 
density. Notably, the Age:Poor sample generally exhibits a higher degree of orientational 
order than the other two samples, reaching a value of 0.83 after 24 hours of aging compared 
to a maximum value of 0.58 for the Poor:Age sample. Interestingly, the Age sample 
displays the highest orientational order but at cost of 48 hours of solution aging. In terms 
of packing density, the Age:Poor displays the highest values followed by the Poor:Age. 
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Figure 49: AFM images after image processing as a function of processing method 
and solution aging time.  
 
Figure 50: a) S2D order parameter and b) fiber length density as a function of 
processing method and solution aging time. 
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It has been proposed that the degree of orientational order that arises during shear 
coating is correlated with the degree of interconnectivity of the polymer network. This 
theory is supported by the alignment results presented in this study. In the case of the Age 
sample, aggregate growth is slow, but chains have sufficient time to assemble with 
multiple neighboring chains. Once a threshold density of chain connections has been 
formed, nanofibers can then rapidly grow. Deposition at this point results in highly aligned 
domains as the nanofibers are highly interconnected. In the Poor:Age case, the poor 
solvent rapidly induces self-assembly of aggregates. However, the presence of the poor 
solvent in solution retracts the fringe chains on the edge of nanofibers that could otherwise 
serve as tie chains. This results in many well-defined but isotropically aligned nanofibers. 
Finally, in the case of the Age:Poor case, fibers are given time to form initial 
interconnections with neighboring chains before being forced together due to the poor 
solvent. Upon blade coating, a sufficient amount of tie chains exists to promote alignment.      
5.3.1.4 Electrical Performance 
Ultimately, the charge transport properties measuring using organic field-effect 
transistors (OFETs) can be used to characterize the degree of percolative transport. The 
charge mobility values of the three samples are shown in Figure 51. Immediately after 
initial solution processing (0 hrs) the charge mobility for all samples is relatively low 
(~1.0x10-2 cm2/V-s), indicative of a limited number of connective pathways for charges to 
transports from source to drain electrodes. As shown in the UV-vis analysis, the solutions 
have not had a sufficient amount of time to assemble into semicrystalline domains (Figure 
52a). After 6 hours of aging, a significant increase in the charge mobility is observed (0.09 
cm2/V-s) but only for the Age:Poor sample. This likely arises from the formation of a 
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percolative charge network from the synergistic effects of solution aging that creates an 
initial polymer network followed by poor solvent addition that forces the network to 
assembly into interconnected nanofibers. This mechanism of self-assembly continues with 
further aging of the solutions prior to the addition of poor solvent, reaching a maximum 
mobility of 0.11 cm2/V-s after 24 hours. Further aging of the solution prior to the addition 
of poor solvent results in a reduction in mobility to 0.09 cm2/V-s, likely from the growth 
of grain boundaries that reduces mesoscale orientation order (Figure 52b). In contrast, the 
Poor:Age sample displaces the lowest charge mobility values with a maximum values of 
0.05 cm2/V-s,  due to the vast number of grain boundaries. Finally, the age sample is able 
to naturally form percolative charge transport pathways but are limited by intrachain 
disorder at the microscale. Overall, these results highlight the importance of interconnected 
polymer networks for percolative charge transport in organic electronic devices that can 
transcend from the solution phase to the final thin film (Figure 52c).    
 




Figure 52: Relationship between a) aggregate fraction from solution and b) S2D on 
charge carrier mobility as a function of poor solvent and time-dependent self-
assembly processing method. c) Correlation between aggregation fraction from 
solution and S2D. 
5.3.2 Transferability of Processing Approach beyond P3HT 
Initial experiments were conducted to verify the generalizability of this approach 
to semiconducting polymers beyond P3HT. PBTTT represents another known 
semicrystalline semiconducting polymer.29 Time-dependent self-assembly was observed 
in a solution of 3 mg/ml of PBTTT in dichlorobenzene within 1 day of solution aging as 
shown in Figure 53a. Notably, this phenomena was not observed within 2 days of solution 
aging using chlorobenzene, trichloroethylene, or chloroform, indicating the polymer-
solvent interactions must be precisely matched to induced time-dependent assembly. The 
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same poor solvent, 2-MP, used in the P3HT assembly was found to be a sufficient poor 
solvent for PBTTT as well. Figure 53b shows the impact of poor solvent addition on the 
UV-vis absorption spectra. The observed red shift to longer wavelengths and thus lower 
energy suggests the formations of aggregated domains that are better able to delocalize 
charges. Characterization of the electrical properties using field-effect transistors indicates 
the existence of an optimal amount of added poor solvent (45% by volume) as shown in 
Figure 53c. Overall, these results suggest that the approach of poor solvent addition to 
polymeric systems that experience time-dependent self-assembly can be generalized across 




Figure 53: a) Time-dependent UV-vis absorption spectra of PBTTT in DCB. b) 
Charge mobility and threshold voltage as a function of poor solvent volume fraction. 
c) Dependence of solution UV-vis spectra on volume fraction of poor solvent (2-MP) 
addition. 
5.4 Conclusions 
Cosolvent addition offers an industrially relevant processing approach to induce 
aggregation of semicrystalline conjugated polymers for precise control of the morphology 
and thus electrical properties. However, the use of poor solvent is generally limited by the 
formation of grain boundaries as polymer chains move away from poor solvent molecules 
to reduce energetically unfavorable interactions. This phenomenon is detrimental to charge 
transport as percolative pathways are reduced.  
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Herein we propose a processing method that leverages the time-dependent self-
assembly of semicrystalline polymers. Allowing a polymer solution to aging in solution 
prior to the addition of poor solvent (Age:Poor) enables the formation of interconnected 
domains that are then maintained when the poor solvent is added. Without this solution 
aging effect, the addition of poor solvent results in well-defined by isolated nanofibers 
(Poor:Age) that limits the charge mobility. Structural characterization including UV-vis 
absorption, small-angle X-ray scattering (SAXs), and AFM analysis was used to develop 
process-structure-property relationships that supports the proposed formation of 
interconnected polymer networks in the Age:Poor sample.  
However, challenges remain when expanding this method to additional self-
assembling polymer systems. A significant amount of work is required to screen solvents 
that enable time-dependent self-assembly. Additional screening must then be conducted to 
identify the marginal or poor solvent and to identify the optimal volume fraction of poor 
solvent that limits the formation of grain boundaries. While not explored in this study, the 
impact of vastly different boiling points or surface tensions of the two solvents may also 
play a role. Overall, this work provided an approach to overcome the formation of grain 
boundaries that generally limits the charge mobility in multi-solvent systems.   
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CHAPTER 6. SOLVING MATERIALS’ SMALL DATA 
PROBLEM WITH DYNAMIC EXPERIMENTAL DATABASES 
6.1 Introduction 
Research institutions and their funding sources have made a strong push in recent 
years to leverage the tools of modern data analytics for scientific research. This effort has 
fostered the creation of large centralized data repositories, the proliferation of more open-
source software and code libraries, and a general move toward ‘open science’.132 The tools 
of data analytics and informatics were developed to analyze truly massive databases 
containing millions to billions of entries, such as the collective Google search history of a 
country’s population, or the Amazon shopping history of the same. As such, early efforts 
in the sciences have focused on the assembly of the largest possible collections of data, 
namely: thermodynamic constants for every known chemical compound, density 
functional theory (DFT) simulations of every known crystalline material, or 
characterization data from every known biological protein.133-137 
While the scope of these centralized databases is vast, they still do not capture the 
full extent of the scientific data collected and published on a daily basis. Day-to-day 
research is not driven by a desire to fill in the billionth row of a central repository, but 
rather to solve problems and produce knowledge in specialized fields with moderately-
sized communities and dynamic trends. The design of a new research study is most often 
based upon the results of a few dozen previous studies at most. This would not be 
considered ‘big data’ by any measure, yet these small sets of experimental results play a 
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crucial role in daily decision-making. In order to use data analytics to guide this decision-
making process, it would be beneficial if the datasets from related publications were 
assembled into interim databases with a common schema. It is likely that many researchers 
already aggregate data in this way, especially for a formal literature review. This is all the 
more reason to develop tools and strategies to work quantitatively with these small, 
sometimes sparse datasets. 
Experimental research in materials processing depends crucially on the selection of 
a promising initial design region within the available process parameters. When processing 
a material, there are many potential design variables by which to optimize its properties 
and performance, including formulation, equipment selection, and settings. The challenge 
of process design for materials differs from chemical production, because the process 
influences the material’s structure, which further influences its properties. Some crystalline 
solids and disordered liquids are processed to reach an equilibrium structure, but many 
materials, such as the soft materials presented here, are guided to process-dependent non-
equilibrium states, sometimes with multiple phases. Furthermore, interfacial structures can 
often influence or even dictate the final performance beyond the bulk material properties. 
Selecting a process variable design space for a new experiment should thus be approached 
using as much quantitative knowledge as possible.138 
Data mining approaches to experimental design have experienced a recent uptick 
in interest. For example, Kim et al. performed an automated review of the synthesis 
conditions of metal oxides across over 12,000 manuscripts. Their data extraction pipeline 
consisted of a combination of trained machine learning models and software such as 
ChemDataExtractor. A decision tree classifier considering 27 synthesis variables was 
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trained to predict whether or not a titania synthesis route would produce nanotubes, 
achieving 82% accuracy.139 Agrawal et al. compared a range of machine learning 
approaches, including multivariate polynomial regression (R2 = 0.9801), support vector 
machines (R2 = 0.9594), and artificial neural networks (R2 = 0.9724), to predict the fatigue 
strength of steels.140 Input variables describing chemical composition, processing 
temperatures and times, and upstream processing details were taken from the National 
Institute of Materials Science (NIMS) MatNavi.141 Ren et al. combined literature data and 
high-throughput experiments to predict the likelihood of finding metallic glasses in the Co–
V–Zr ternary.142 
The use of the design of experiment methodologies to generate ideal process–
property databases is another approach to enable subsequent data mining of process–
property relationships. This is exemplified by AbuOmar et al. and Zhang et al., where 
polymer nanocomposite databases were generated via carefully designed experiments.143-
144 The databases generated using uniform design approaches typically only survey low-
dimensional design spaces with a priori domain knowledge to appropriately grid 
experimental values.145 The common element among databases generated via design of 
experiments is the accessibility of fully informed databases with all descriptors fully 
characterized and reported. 
The scientific literature can be conceived as an unstructured materials database, 
rich with process–property data points, and sometimes containing structural measurements. 
However, the nature of exploratory materials discovery suggests a high-dimensional design 
space, with individual publications providing a limited number of data points. There are 
several challenges in constructing and analyzing a literature database, even with manual 
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construction by domain experts, namely: (1) literature reports do not have standardized 
fields for frequently-reported quantities; (2) authors report non-overlapping sets of 
information, leading to data sparsity; and (3) reporting of design variables and property 
measurements suffer from variability due to measurement equipment, inconsistent 
application of mathematical models, and human error.146 Persson et al. provides an 
illustrative example of these challenges by mining the literature on poly(3-hexylthiophene) 
organic field effect transistors.147 Over 200 data points from 19 publications describing the 
role of 28 processing variables were curated to predict charge carrier mobility. Identifying 
a subset of the five most similar devices reduced the range of charge carrier mobility values 
from over six orders of magnitude to three. The presence of unreported, missing data 
limited the applicability of the standard classification and regression materials informatics 
techniques. 
Herein, we demonstrate how the construction of a structured database containing 
relevant literature results can be used to guide experimental design for materials 
processing. This tailored approach to classification is proposed to specifically handle 
datasets with missing data but is also applicable to fully characterized databases. The set 
of best performing points indicates a promising design region for future experiments. Two 
case studies are presented to demonstrate the approach, with each database containing 100–
200 data points. The number of data points is largely governed by the available relevant 
publications. The analysis is primarily intended to guide future experiments into regions 
likely to have the desired properties. Further local optimization can then be performed 
using response surface methodology.148-149 Once the optimal point is identified, then 
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additional design variables could be added to enable further improvement, or previously 
unexplored regions could be explored. 
6.2 Materials and Methods 
6.2.1 Database Construction 
The databases are constructed manually using a Microsoft Excel spreadsheet. The 
data extracted from relevant publications is found in text, tables, and graphical format. 
Each row in the spreadsheet corresponds to a particular data point. The columns represent 
the process design variables, which may be numerical (continuous or integer) or 
categorical. In some cases, the categorical variables (e.g., solvent type) are augmented with 
numerical descriptors to quantify their properties (e.g., solvent boiling point). In other 
cases, the categorical variables are hierarchical (e.g., deposition method: spin-coat) with 
associated numerical values quantifying that category (e.g., spin rate and spin time). Each 
property measurement is also associated with a column. Additional columns are included 
so as to document the source of each datapoint, including its digital object indicator (DOI). 
Further metrics of the journal impact factor and the number of citations of the paper can 
also be included, but present additional complications as they change over time. 
While this manual, ad hoc approach is not ideal from a scalability standpoint, the 
cost of automating this step can be prohibitive in terms of time and expertise. Furthermore, 
the automation of data extraction requires a significant number of labeled training 
examples, and the construction of the training set frequently accomplishes so much of the 
labeling that it makes more sense to simply finish the job manually. This trade-off should 
be evaluated on a case-by-case basis. 
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6.2.2 Classification Approach 
A common approach to the classification of data is the support vector machine 
(SVM), which, in its simplest form, constructs a hyperplane to divide two prelabeled 
classes. This approach is exemplified by Kim et al., who separated metal oxide structures 
into nanotube-forming and non-nanotube-forming by their processing conditions.139 SVMs 
are optimized to maximize the distance between the decision boundary and the nearest 
point from each class. In other words, SVMs try to minimize the occurrence of 
misclassification on both sides of the boundary. In exploratory research, however, it is 
much worse to exclude a potential positive result from consideration than it is to run an 
experiment that turns out negative. Here, we apply a different approach to classification, 
in which the objective is to retain all datapoints with good properties in the “promising 
region”. 
A property of interest is selected, then a critical value of that property is specified 
by the user. All datapoints in the database are thus labeled as ‘high’ or ‘low’, depending on 
whether they lie above or below this critical value. The region of the design space that 
contains all the ‘high’ points is then constructed. Figure 54 illustrates this classification 
approach. This approach helps to ensure that potential positive results are never excluded 
from the promising region. It is, however, inherently sensitive to outlier points, in which a 
‘high’ property value has been incorrectly reported. These outliers should be uncommon, 
because such results would most likely have received great interest and scrutiny in the 
review process. Nonetheless, points with a reported ‘high’ performance should receive 
further investigation in subsequent experiments, that is, they should be repeated to validate 
(or invalidate) their good performance. 
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Figure 54: Steps in the classification approach to construct reduced design regions 
One possible implementation for quantifying the promising region is to construct a 
convex hull containing all of the ‘high’ points in the literature database. Here, we take a 
simpler approach, which is to calculate the upper and lower bounds of each design variable 
within which all of the ‘high’ points are contained, defining a box. The rationale is to 
provide better intuition and visualization for the user. For each design variable, one 
compares the minimum and maximum values for ‘high’ performance to the minimum and 
maximum values in the entire database. The design space for future experiments is 
subsequently reduced by focusing future experiments on past ‘high’ performing regions. 
This reduction rS can expressed mathematically, as follows: 
 








where S is the set of indices for a subset of the design variables, ns is the dimensionality of 
the design space (equivalent to the size of S), li is the span of variable i that contains ‘high’ 
points, and Li is the span of variable i over all points in the database. In the one-dimensional 
(1-D) case, rS is the relative length of the line segment that contains the ‘high’ points, while 
in the two-dimensional (2-D) case, rS is the relative area that contains the ‘high’ points. 
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Each design variable, or combination of design variables, is then represented with a value 
of rS between 0 and 1, where it is hypothesized that a smaller value signifies that the 
associated design variable is a better predictor of a ‘high’ performance. 
While rS expresses the volumetric reduction of the design space, it is also useful to 
understand the fraction of the original data contained in the promising region, as data 
density is likely non-uniform. This is expressed as follows: 
 




where d is the number of points contained within the box and D is the total number of 
observations in the database. Each observation corresponds to a row in the Excel 
spreadsheet database. 
It is certainly possible that the box excludes potential regions of high performance 
that were not investigated in previous studies. One could apply a padding parameter to the 
box bounds to reduce this risk. Alternatively, future experiments can explore additional 
regions, locally, through response surface methodology, or more globally, with random 
experimental settings or a particular focus on unexplored regions. Certainly, physical 
models and domain expertise will also guide future experiments, but the details of the 
experimental design are beyond the scope of this chapter.148-150  
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6.2.3 Case Studies 
6.2.3.1 Poly(3-hexylthiophene) (P3HT) 
Poly(3-hexylthiophene) is a semiconducting polymer that has been widely studied 
for application in large-area flexible electronics.151 Such systems could access new markets 
beyond silicon transistors if they can be printed economically in a roll-to-roll process. Thin 
films of P3HT exhibit hole mobilities that vary by orders of magnitude, depending on how 
they are processed.82 Distinct fibrillar morphologies are observed in the atomic force 
microscopy, and the morphology can be influenced by the process, and correlated with the 
hole mobility.70, 108 Design variables that are reported in the literature include polymer 
molecular weight and regioregularity, solvent and concentration, deposition method and 
film thickness, and annealing time.147 Many of these design variables were investigated in 
Chapter 3-5. This system is depicted in Figure 55. 
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Figure 55: One possible processing route for poly-3-hexylthiophene (P3HT), and a 
key property of interest in organic field-effect transistor (OFET) performance. 
The analyzed database is comprised of 218 datapoints from 19 publications.147 To 
model process–property relationships to obtain high mobility devices, 29 design variables 
were identified that are either numerical (20 design variables) or categorical (9 design 
variables). The design variables were removed from consideration if all relevant entries 
were identical, exceptionally sparse, or deemed irrelevant according to expert opinion (e.g., 
dip rate, dip time, process environment, and electrode material). The mobility values in this 
database range from 1.0 × 10−6 to 2.8 × 10−1 cm2/V-s. 





6.2.3.2 Polypropylene-Talc Composites 
The properties of polymeric materials can be altered and improved by mixing them 
with fillers to create a composite material.152-154 In addition, the processing method impacts 
the properties.155 Polypropylene (PP) has relatively strong mechanical properties for a 
polymer and it is widely available. If its properties could be further enhanced, 
polypropylene might be a candidate for replacing metals, for example in the additive 
manufacturing of automotive parts. Here, we consider talc as our filler. Talc is a clay 
material composed of magnesium silicate. It is a good filler candidate for our study because 
it has been reported to enhance polypropylene performance in many literature studies and 
because it is relatively inexpensive, enhancing commercial viability.156-157 This system is 
illustrated in Figure 56. 
 
Figure 56: Proposed polymer and filler to develop high strength composites and a key 
property of interest: Young’s modulus. 
The polypropylene-talc database is comprised of 140 datapoints from 22 
publications with the goal of improving the strength of polypropylene. The Young’s 
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modulus was selected as the relevant mechanical parameter representing the materials’ 
strength. Fourteen design variables were selected for this analysis, with eleven being 
numerical and three being categorical. Expert opinion was leveraged to characterize 
differing melt mixer equipment by recording the highest temperature in a multistate 
extruder. The Young’s modulus values for this database vary from 0.38 to 6.94 GPa. 
This database is included in the supporting data files and is also publicly accessible 
at: https://github.com/DocMike/TALC-Database. 
6.3 Results 
6.3.1 Case Study 1: Poly(3-hexylthiohene) 
The breadth of processing conditions recorded in the P3HT database illustrates the 
utility of the proposed classification approach. In this database, a mobility cutoff value of 
0.1 cm2/V-s was selected to differentiate between ‘high’ and ‘low’ devices. The design 
variables extracted from the literature can be grouped into five main categories, namely: 
(1) polymer characteristics, (2) solvent environment, (3) deposition conditions, (4) post-
deposition processing, and (5) transistor configuration. All of these variables have been 
hypothesized to influence the morphology of the final semiconducting film and thus the 
charge carrier mobility.79, 158 
Figure 57 illustrates the classification approach applied to the P3HT database for 
13 of the continuous design variables contained in the database, out of a total of 29 design 
variables of numerical and categorical type. The one-dimensional analysis is shown in 
Figure 52a for these 13 design variables, with results scaled to the full range of values 
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reported in the database. For each of these design variables, the difference between the 
maximum and minimum values associated with a ‘high’ performance li, is divided by Li, 
the difference between the maximum and minimum values associated with all entries in 
the database, according to Equation (13). In some cases, a ‘high’ performance is observed 
only for a small fraction of the full reported range, such as for regioregularity, spin rate, 
and channel width, such that rS < 0.1. In other cases, a ‘high’ performance can be observed 
at most of the reported values (molecular weight, initial concentration, boiling point, 
annealing temperature, and time), such that rS > 0.9. In other intermediate cases, a restricted 
range can be observed, namely: polydispersity, Hansen radius, film thickness, and channel 
length. 
 
Figure 57: Representative analysis plots of (a) one-, (b) two-, and (c) three-
dimensional classifying design variables, resulting in charge mobility values 
exceeding 0.1 cm2/V-s. Blue squares are data points above the cutoff, red dots 
represent points below the cutoff but within the target design region, and red x 
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markers indicate all other data points below the cutoff but not within the target 
region. All axis ranges denote the full range of values present in the database. 
One might first focus on regioregularity, spin rate, and channel width to reduce the 
design space for future experiments. However, these are not the best candidates. 
Regioregularity must be high for a ‘high’ performance, which is well known; only a small 
number of the earlier papers used polymers with lower values of regioregularity.5, 53 
Moreover, precision synthesis and characterization of a specific regioregularity is 
infeasible.159 Of the 37 ‘high’ devices, only 8 report a spin rate and all 8 arise from the 
same publication. Thus, spin rate is not an ideal candidate. The channel width is also shown 
to impact the observed mobility, but device physics indicate that it should not influence the 
transistor performance.20 The standardization of test conditions is necessary to improve the 
quantification of results in polymer organic electronics, and future experiments should 
conform to this common standard.160 
The more revealing design variables are those with a moderate reduction of the 
design space, namely: polydispersity, Hansen radius, film thickness, and channel length. 
Like channel width, channel length affects performance through device physics rather than 
material properties and can be excluded. This leaves three key design variables, which can 
be visualized in two or three dimensions, as shown in Figure 57b and c. Note here that 
original variable scales are used, rather than the scaled variable ranges shown in Figure 
57a. A high value of polydispersity is required to achieve a good performance, but low 
values of the Hansen radius and film thickness are also needed. 
The two-dimensional plots can be generated for each pairwise combination of 
design variables, or on the selected promising design variables identified in the one-
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dimensional analysis. Figure 57b delineates the promising design region using the polymer 
polydispersity index (PDI) and Hansen radius. The area of the identified design region 
relative to the full area spanned by the design variables is quantified by rS = 0.27, for S = 
{3,7}. Thus, future experimental efforts can be focused on only 27% of the original design 
region. When film thickness is additionally added as a classifier, rS = 0.056, for S = {3,7,9}. 
However, quantifying the reduction using rS without visualizing results or utilizing 
additional metrics can lead to misleading conclusions, depending on the quality of the 
information in the database. Issues with only characterizing the relative reduction can be 
grouped into two main categories, as follows: (1) limited coverage of the entire design 
region (sparsity), and (2) inconsistent reporting and characterization. These cases are 
illustrated in Figure 58. Note that in Figure 58b, there are no datapoints shown with 
regioregularity (RR) values below 90%, despite their presence in the database, because 
film thickness was not reported for any of those datapoints. 
 
Figure 58: Illustrative two-dimensional plots indicating (a) limited collective 
screening of the entire design region (sparsity), and (b) inconsistent reporting and 
characterization. Axis values denote the full range of values present in the database. 
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The fraction of points contained within the reduced designed region (Fr) serves as 
a simple indicator for the distribution and sparsity of points throughout the entire design 
region. Table 8 highlights both the reduced area and the fraction of points contained in this 
region. In general, rs is smaller than Fr, indicating that the volumetric reduction of the 
design space is greater than the fraction of database points excluded. This can be 
rationalized in the context of Schrier’s Dark Reaction Project; negative results are 
infrequently reported in the literature.161 It makes sense that data density would be 
concentrated in the promising region, because other experimentalists intuitively 
concentrate their effort in a similar region, and because they omit negative results from 
outside that region. This is a source of significant bias in the training set, but it can also 
serve as a sanity check on the selection of the promising region. Nonetheless, the 
importance of reporting negative results cannot be overstated. 
Table 8: Metrics for the two-dimensional analysis of the poly-3-hexylthiophene 
















rs (%) 27 12 10 25 4 
Fr (%) 45 30 53 45 63 
 
This classification approach can theoretically be scaled to any dimension. However, 
the reliability of the identified target region containing high performing devices decreases 
as the dimensions increase. This reliability issue is illustrated in Figure 57c with a box 
denoting the target design region. The data is distributed throughout the x and y plane (PDI 
and Hansen radius), indicating that these two variables are highly reported. In contrast, no 
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results are presented with a thickness greater than ~40 nm, despite thickness values as high 
as 130 nm being reported in the database. This problem arises from a lack of standardized 
reporting. Despite the fact that 146 of the entries report PDI, 190 report Hansen radius 
values, and 149 report film thickness, only 105 entries have all three of these variables 
specified. This issue can also impact the relative volume of the target design region. While 
the two-dimensional analysis (Figure 57b) points to a ‘high’ device with a PDI value of 
~2.3 and a Hansen radius of ~4.5, this database entry does not contain a corresponding film 
thickness and as a result does not appear in Figure 57c. Thus, the analysis of higher-
dimensional design spaces to simultaneously optimize numerous processing conditions 
relies heavily upon consistent and standardized reporting. 
In addition to the 13 numerical design variables, three relevant categorical variables 
were identified. The choice of solvent influences the ability of the polymer chains to self-
assemble in the solution and the solvent evaporation rate during the film deposition phase. 
The analysis performed in this study indicated that the use of chloroform and 
trichlorobenzene can result in ‘high’ performing devices, while toluene, thiophene, 
benzene, chlorobenzene, and styrene do not. Section 6.3.1.2 will discuss how solubility 
parameters (Hansen radius) were used to represent a solvent on a continuous scale. Of the 
37 ‘high’ performing devices, 28 films were formed through drop casting, 8 via spin 
coating, and 1 film using dip casting, spanning all deposition methods in the database. It is 
likely that the interaction of these deposition methods with other process variables was 
optimized to produce favorable thin film microstructures. Finally, the treatment of the 
silicon dioxide capacitance layer to modify the wettability and polymer-substrate interface 
using hexamethyldisilane (HMDS) or no treatment at all can both result in ‘high’ devices. 
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In contrast, perfluorodecyltrichlorosilane (FDTS) and octadecyltrichlorosilane (OTS) 
surface treatments produced unfavorable results. Ideally, surface free energy would be 
reported as a way to quantify the surface treatment, similar to the Hansen radius for the 
solvent. 
Once the target design region has been identified, hypothesis generation and future 
experiment planning can occur. Here, we briefly discuss the physical intuition that can 
guide experimental design beyond the selection of the promising design region. 
6.3.1.1 Polydispersity Index 
Long polymer chains are required to extend across grain boundaries and thus 
provide high-mobility pathways through otherwise amorphous regions of the film. The 
one-dimensional analysis of polymer characteristics (Figure 52a) suggests that ‘high’ 
performance devices can be obtained with number average molecular weights ranging from 
26 kDa to 117 kDa. The PDI indicates the spread of the molecular weight distribution in a 
polymer sample, so a sample with a low average molecular weight could still contain many 
long chains if it has a high PDI. Our analysis indicates that a PDI >1.5 is required for a 
high-performance device. However, there is experimental difficulty in synthesizing 
polymers with tailored PDIs for systematic studies126. Instead, techniques to either 
fractionate the P3HT samples or blend multiple polymers samples to target a specified PDI 




6.3.1.2 Hansen Radius 
Thin film formation is a complex and dynamic process in which solvent 
evaporation governs structural organization mechanisms such as polymer aggregation and 
phase separation.41 These processes are captured, albeit incompletely, through the initial 
polymer concentration, solvent boiling point, and Hansen radius, in addition to the 
equipment deposition parameters (e.g., spin rate, spin time). According to the one-
dimensional analysis, the Hansen radius provides better discrimination between high and 
low performance devices compared with both the initial polymer concentration and the 
boiling point. The Hansen radius is a numerical descriptor of solvent–polymer interaction 
energy and can be used to reduce the number of design variables when solvent mixtures 
are utilized.61, 64, 142, 162 As an example, the dissolution of P3HT in a good solvent, followed 
by the addition of a poor solvent, was utilized as a processing method by 3 of the 19 papers 
in the database.61, 64, 163 To fully characterize this, two categorical variables (good solvent, 
poor solvent) and one numerical variable (volume fraction of poor solvent) need to be 
specified. By applying the Hansen solubility model, these three variables can instead be 
reported as a single numerical value, the Hansen radius, simplifying the interpretation of 
the database and extraction of process–property relationships. 
6.3.1.3 Film Thickness 
An analysis of the database suggests that film thicknesses ranging from 25 to 40 
nm are desired in order to obtain high-performing devices. This observation is in general 
agreement with work by Joshi et al., which explored the thickness dependence of the charge 
mobility of low molecular weight P3HT.164 In their study, mobility plateaued after a 
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thickness of 15 nm, due to the orientation of crystalline grains at the transistor oxide-P3HT 
interfaces. Varying the thickness of the P3HT films is usually the result of changing another 
design variable, such as polymer concentration or spin rate, and is highly dependent on the 
kinetics of the solution-to-film phase transition.164-165 Ideally, an influential design variable 
should be able to be varied independently from other process conditions. Recent advances 
in blade and shear coating techniques, currently not captured by the database, offer a 
promising approach to independently control the film thickness to explore its impact on 
charge carrier mobility.50, 56 
6.3.2 Case Study 2: Polypropylene-Talc Composite 
The polypropylene–talc database was constructed from 22 publications, with a total 
of 140 data points. The property of interest that was selected was Young’s modulus. While 
there are many ways to quantify mechanical properties (fracture strength, toughness, etc.), 
Young’s modulus was selected here, in part because of the importance of stiffness in a 
mechanical component such as an automotive part. It is also widely reported in the 
literature because it is relatively easy to measure. A cutoff value of 5 GPa was selected for 
the Young’s modulus, with 11 points (8%) having ‘high’ values above the cutoff value. 
Similar to the P3HT study, the minimum and maximum reported values of 11 
continuous design variables were identified in the full database and the high-performing 
subset to calculate rs. The results of this one-dimensional analysis are shown in Figure 
59a, using variables scaled to the minimum and maximum values in the database. Several 
design variables have an extremely limited range of values associated with high 
performance, namely, polymer weight-average molecular weight, polymer polydispersity, 
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filler surface area, and composite density. In all four cases, this large reduction in range is 
due to very low rates of reporting. For example, only 30 data points have the molecular 
weight reported, and only two of those points have a ‘high’ performance. Both data points 
are from the same publication and have the same molecular weight. Other design variables 
have no range reported at all, including mold temperature and composite melt flow index 
(MFI), again due to underreporting—none of the high performing points have reported 
values for mold temperature or composite MFI. 
In contrast, filler density and melt temperature are reported for most entries. Since 
the only filler in the database is talc, there is little actual variation in its reported density, 
except for one outlier entry that may be misreported. The melt temperature also extends 
across most of the range in the database, although low values (lowest 20% of the reported 




Figure 59: Representative analysis plots of (a) one-, (b,c) two-, and (d) three-
dimensional analysis, classifying design variables that result in Young’s modulus 
exceeding 5 GPa. All axis values denote the full range of values present in the 
database. Blue squares are data points above the cutoff, red dots represent points 
below the cutoff but within the target design region, and the red x markers indicate 
all other data points below the cutoff but not within the target design region. 
The design variables with intermediate ranges in Figure 59a are polymer MFI, 
filler particle size, and filler weight percent. These three design variables contribute the 
most information to the future experimental design. It is notable that all three are related to 
material composition, rather than processing conditions. The melt flow index correlates 
inversely with the molecular weight, but is much more commonly reported in the database, 
because of the difficulty of dissolving polypropylene for the characterization of molecular 
weight by size exclusion chromatography.166 The database analysis suggests that high 
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stiffness requires a low polymer MFI, or equivalently, a high molecular weight. The filler 
particle size falls in the lowest third of the reported values, while the filler weight percent 
falls within the upper half of the values reported in the database. 
The data can also be viewed in higher-dimensional spaces, as follows: Figure 59b 
illustrates the promising design region associated with filler size and weight percent. Note 
here that original variable scales are used, rather than the scaled variable ranges of Figure 
59. Future experiments can focus on this smaller box having low (but not too low) filler 
size and high filler weight %. The unexplored region of particle size in the range 35–70 
μm could also be tested, depending on the experimental budget and availability of larger 
talc particles. Figure 59 again shows a two-dimensional representation, with polymer MFI 
and filler weight %. The promising design region contains low values of MFI, although 
there is little data available at higher MFIs. Future experiments could attempt to expand 
this region into higher MFI values (lower molecular weight), which would also lower 
viscosity and thus ease processing. 
The calculated metrics, including the relative area of the new design region, are 
shown in Table 9. Similar volumetric reductions (rs) in the identified design region are 
observed for the PP–talc database compared to the P3HT study. However, similar values 
of data reduction in the design region (Fs) for the PP–talc database suggests that the 
community has more thoroughly sampled the entire design region compared with the P3HT 
community. This could arise from the reduced number of considered design variables for 
the polymer composites (14 variables) compared with P3HT for organic electronics (29 
variables). 
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Table 9: Quantified metrics of two-dimensional analysis for the PP-talc system.   
 MFI/Particle Size MFI/Filler Wt.% 
Particle Size/Filler 
Wt.% 
rs (%) 10 21 12 
Fr (%) 28 14 15 
 
Finally, a three-dimensional representation is shown in Figure 59d. The promising 
design region is about 5% of the volume of the full range of design variables reported in 
the database. Also notable in Figure 59d is the lack of data points at the high particle size 
of 74 μm, which were previously plotted in Figure 59b.167 Since no value of polymer MFI 
was reported for those points, they cannot be visualized in Figure 59d, and more 
importantly, they cannot be reproduced since the value of the polymer MFI that was used 
is unknown. Since Gafur et al. did report the weight-average molecular weight, a model 
could potentially be used to estimate the unreported MFI.166-167 Physically-based 
correlations provide a potential route to filling in missing data, which may be more 
effective than linear imputation168 when the relationships between design variables are 
known and are nonlinear, such as the inverse correlation between MFI and weight-average 
molecular weight (Mw). However, since the Gafur et al. data points have a ‘low’ 
performance, such modeling would not change the promising region. 
The polypropylene–talc database contains 11 continuous design variables, but also 
incorporates three categorical variables, namely compatibilizer, talc surface treatment, and 
the film formation method. Only 23 data points report a compatibilizer, with none of these 
data points resulting in ‘high’ performance. Twenty-two data points report a surface 
treatment, but only aminopropyl-trimethoxysilane (4 data points) resulted in Young’s 
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modulus values above 5 GPa. This categorical variable presents a seldom-used processing 
condition to further explore. Films are formed either through extrusion or compression 
molding, but only compression molding produced a ‘high’ performance. Better 
understanding of the mechanistic reasons for improved performance via compression 
molding could help identify new processing conditions, but in the short term, compression 
molding is the preferred technique. 
6.4 Discussion 
Significant advances have been made in applying materials informatics and 
machine learning techniques to leverage the combined knowledge of research 
communities. The advent of large centralized materials data repositories that are publicly 
accessible has been a tremendous boon to accelerated materials discovery and process 
optimization. However, the curation and use of materials data that are generated on a day-
to-day basis, within a given material system under a formalized materials informatics lens, 
is still in its infancy. Smaller, more specific databases relevant to a particular application 
will be required to rapidly provide chemical compositions and optimized processing 
conditions. 
A key challenge seldom addressed in ‘small data’ materials research is how to 
extract meaningful process–structure relationships to target desired properties. Small data 
can be curated in two main approaches, namely (1) controlled experiments via the design 
of experiments or high-throughput methods within a single laboratory, and/or (2) mining 
the literature to leverage experiments conducted by the community. The former datasets 
are often well-structured, allowing process–property information extraction via material 
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informatics and/or machine learning methodologies.140, 142 The latter approach involves a 
significantly wider scope of potential design variables, resulting in an unstructured 
database rife with missing and noisy data. Missing data limits the applicability of materials 
informatics approaches, including decisions tress, neural networks, and support vector 
machines. Instead, an approach that uses all available data in a small material database to 
identify promising design regions for future experimentation has been proposed. This 
approach aims to provide quantitative guidance to focus experimental work based on the 
collective work on the community. Ideally, these future experiments will fully characterize 
all design variables to enable regression and machine learning approaches. The metrics, rs 
and Fr have been proposed to describe the relative importance of process variable 
combinations in determining material performance. Design regions with smaller rs and Fr 
values should be prioritized for future experiments. Overall, the analysis presented is 
general and can be expanded to examine any subset of relevant design variables. 
Several opportunities and obstacles still await the widespread use of literature-
guided materials databases. Once the database has been reduced to a targeted design region 
that contains the ‘high’ performing data points, justifications for the presence of ‘low’ data 
points in this region can be suggested. In the polypropylene-talc case study, the three-
dimensional promising region contains six high performing points, but also nine points 
with a low performance. Attempts to classify based on additional design parameters were 
unsuccessful. The impact factor of the journal was added as an additional classifier, which 
did separate the three studies containing high performance from the three studies 
containing low performance. With a more complex database, the incorporation of 
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additional variables has the potential to distinguish and inform more reliable and robust 
datasets.  
A potentially problematic subset of data, termed ‘hierarchical data’, is prominent 
amongst materials literature. Hierarchical data is defined here as paired categorial and 
numerical data, in which the numerical data is only relevant for that category. An example 
from the P3HT case study is the spin rate that is only relevant to spin cast P3HT devices, 
rather than dip coated devices, which are quantified instead by the dip rate. Hierarchical 
data requires special attention to ensure that the numerical data is not used as a predictor 
without the associated categorical variables. 
The most significant of challenges is the handling of missing data to ensure quality 
predictors that reflect all of the relevant publications and not just the most-well 
characterized. As discussed, mining data from highly exploratory work can result in 
unreported data from a lack of standardized reporting templates, the discovery of new 
important promising conditions and/or access to various equipment and characterization 
techniques. Data imputation techniques have been recently developed to fill in missing 
values. These techniques range in complexity from imputing the population mean value to 
modified nonlinear iterative partial least squares regression. The latter approach has been 
shown to be an effective technique when the missing data is randomly distributed, rather 
than in structured blocks.169 Research by Nelson et al. and Ferrer et al. has shown that 
principal component analysis approaches are better suited to structured blocks of missing 
data that may be more prevalent when developing literature databases.170-171 Data 
imputation has been applied to materials datasets but, to our knowledge, not been used on 
literature databases. For example, Verpoort et al. trained an artificial neural network to 
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identify erroneous values and impute missing data based on polymer composite properties 
provided by manufacturers’ datasheets.168 However, only eight out of thousands of data 
points were missing and imputed, a marked difference to the amount of missing data found 
in the literature databases. Secondary approaches to handle missing data involve physical 
models, where known data serves as the input to an established model to predict the missing 
values. In the talc case study, experimental data relating polymer molecular weight to MFI 
was highlighted as an example.166 Relating the spin rate to predict missing film thickness 
values could serve as an example for the P3HT case study. However, accurate physically 
based models may require additional experiments for validation. 
The development of a material database from literature data is still largely a manual 
process, with numerous decisions made by the curator.139 Data must be extracted from text, 
tables, and graphs, and must be organized in a meaningful manner. At present, automated 
data extraction tools are in their infancy and their implementation presents a major 
technological hurdle to researchers not well-versed in machine learning. Manually 
extracted data will be instrumental in providing training sets for the development of such 
tools. In pursuit of this goal, it is essential that ontologies and schema remain flexible. 
Research data does not necessarily cluster into fields with hard boundaries, and as such, 
the entries from one field’s database should be adaptable to other fields’ databases. 
Finally, experimental databases are dynamic, living documents that should be easily 
accessible to the community. To fully utilize an experimental database, new experiments 
must be added, and the analysis needs to be updated on a continual basis. The question of 
who curates and maintains material databases is still an ongoing question in the materials 
community. Kalidindi et al. suggested the National Laboratories as a central entity to create 
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a standardized strategy for materials data analysis, but this may only be appropriate in the 
case of big data.132 The Protein Databank demonstrates a different model with an 
independent consortium as the curating body.172 As small dynamic experimental databases 
are essentially quantified in literature reviews, the responsibility may rest on individual 
research groups to compile data for review articles, and on publishers for long term 
curation. 
COPYRIGHT INFORMATION – Chapter adapted with permission from 
publisher: McBride, M.; Persson, N.; Reichmanis, E.; Grover, M., Solving Materials’ 
Small Data Problem with Dynamic Experimental Databases. Processes 2018, 6 (7), 79.  
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
Robust and industrially-relevant solution processing methods that precisely control 
polymer self-assembly are essential to achieving optimal and repeatable electronic device 
performance with semi-crystalline conjugated polymers. My research follows a bottom-up 
approach to develop process-structure-property relationships using the “fruit fly” of 
conjugated polymers, poly(3-hexylthiophene) (P3HT). The work presented herein 
progresses from varying chain lengths to mixing nucleated and non-nucleated samples to 
control the growth using a UV-irradiation technique that has thus far only been 
demonstrated on P3HT. The work then aims to exploit a general time-dependent self-
assembly approach with poor solvent addition that is generalizable across self-crystalline 
semiconducting polymers. The commonality across all experimental work is the control of 
an interconnected pathway for charge carriers.  
In Chapter 3 the formation of these pathways was formed by blending solutions of 
known molecular weights to access molecular weight distributions that are otherwise 
inaccessible due to challenges with targeting specific chain lengths during polymerization. 
Superior charge transport properties, measured using organic field-effect transistors, were 
observed in samples with a “medium” MW (66-74 kDa), regardless of the polydispersity. 
Furthermore, the solution lifetimes of these samples exceed 14 days, a significant 
improvement over the two-day stability observed in samples outside of this MW range.  
UV-vis spectral analysis suggested that low MW P3HT lacks the mesoscale crystallinity 
required for percolative charge transport. In contrast, the decreased solubility of high MW 
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P3HT, forces rapid aggregate formation resulting in films with a high degree of 
paracrystalline disorder. The role of grain boundaries, nanofibrillar order, and macroscale 
alignment further substantiate these claims through characterization by grazing-incidence 
wide-angle X-ray scattering (GIWAX), atomic force microscopy (AFM), and polarized 
optical microscopic (POM) techniques. The results presented in this study elucidate the 
interplay between polymer solubility, self-assembly, network interconnectivity, and charge 
transport required for robust polymer ink formulations. 
Chapter 4 proposed the blending of pre-nucleated P3HT (seeds) and non-nucleated 
(amorphous) P3HT to promote the formation of interconnected polymer networks. UV-Vis 
spectral analysis indicated that the nucleation and growth rates of aggregates could be 
manipulated via the seed-to-amorphous ratio. This was further supported by examining the 
packing density and alignment of fibers via atomic force microscopy (AFM) image 
processing. It was found that samples with more seeds formed more densely packed films. 
However, faster growth rates and more densely packed films did not correlate with charge 
transport properties due to grain boundaries (observed in AFM and GIWAX 
measurements). An optimal ratio of seeds (20-50% by volume) to amorphous chains forms 
an interconnected network for percolative charge transport. This investigation 
demonstrates a facile solution processing approach to ensure reliable and reproducible ink 
formulations via controlled self-assembly. Finally, experiments in a continuous flow 
system were demonstrated, suggesting direct compatibility with roll-to-roll printing of 
organic electronics.   
Chapter 5 focused on developing general process methods to induce 
interconnected polymer network formation by changing the solvent quality. The previous 
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two studies suggested that ‘tie chains’ that extend from one aggregate to a neighboring 
aggregate can result in formation of this network. However, these tie chains rapidly 
contract when exposed to a poor solvent, resulting in many small nanofibrillar structures 
that possess too many grain boundaries for efficient charge transport. Instead, aging the 
polymer in a marginal solvent prior to adding the poor solvent results in an interconnected 
network (structural characterization via AFM, GIWAX, POM). Using this approach, 
charge mobility values exceeding 0.12 cm2/V-s were observed, compared to 0.04 cm2/V-s 
for poor solvent addition prior to solution aging. This approach was found to be applicable 
to both P3HT and PBTTT and is expected to apply to all self-assembling conjugated 
polymers. 
Finally, Chapter 6 applied materials informatics methodologies have aided the 
development of new materials formulations by leveraging large experimental databases. 
The wealth of P3HT transistor studies provided an ideal case study. A database of 218 data 
points from 19 publications was created with mobility values ranging from 1.0x10-6 to 2.8 
x10-1 cm2/V-s. A classification technique in which devices were sorted into high 
performing and low performing categories was applied. A reduced design space containing 
all high-performing points, as well as some having poor performance is identified for the 
purpose of focusing on future experiments. This study indicated that the polymer PDI, 
Hansen radius (describing solubility), and film thickness are highly influential parameters 
that impact charge mobility. 
As a collective body of work, these four main chapters demonstrate a variety of 
approaches that help guide process-structure-property understanding towards the industrial 
use of solution process semiconducting polymers for large area, flexible electronics.  
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7.2 Future Work 
The work presented in this thesis provides ample future studies to progress the field 
of solution processable organic electronics from lab scale experiments to large scale 
printing of both P3HT and newly development polymers. As indicated throughout this 
thesis, precise control of process-structure-property relationships is essential to enable 
large scale operations. 
Feedback control of the self-assembly process in organic electronics provides one 
approach to control the morphology and electrical properties. The results in the seed 
nucleation batch study presented in this approach suggests the feasibility for feedback 
control due to a strong correlation between the solution aggregation fraction and charge 
mobility. However, there are numerous experiments that would need to be conducted prior 
to any feedback control. What is the impact of adding nucleated P3HT to a solution that 
has formed structures during a solution aging process? Can tie chains form between seeds 
added at different tie points or do they form grain boundaries? Furthermore, methods to 
reverse the processing would need to be developed in case a solution is “over-processed”. 
Can this be done incrementally, or does the process need to be restarted? The problem can 
thus be framed in a Markov-state model framework173 where aggregate fraction and 
solution exciton bandwidth, for example, are two distinct predictors for charge mobility. 
Experiments would need to be conducted to determine the feasibility of driving the solution 
properties within this space.   
Secondly, methods to screen the impact of additives on the charge mobility remains 
an opening question in the field. In this thesis, methods to rapidly screen the required 
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volume fraction of poor solvent to optimize charge mobility could greatly enhance the 
development of robust process-structure-property relationships. Initial experiments have 
been conducted with PBTTT in which small aliquots of known volume of poor solvent are 
added to a stock solution in a good solvent. Solution UV-vis measurements after each 
addition can be used as a structural indicator. Initial results are presented in Figure 60. The 
rapid addition and UV-vis absorption characterization of aliquots of poor solvent can be 
monitored via spectral changes (Figure 55a). The deconvolution of the absorption spectra 
into aggregate and amorphous contributions can map process-structure properties. A 
stepwise increase in the aggregate fraction at 45% 2-MP suggested the presence of a 
metastable regime. Subsequent thin film deposition and electrical characterization 
indicates enhanced charge transport at this point. Further experiments need to be conducted 
to test the general applicability of this approach. If proven successful, this high-throughput 
screening method would vastly enhance the ability to generate global process-structure-
property relationships.      
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Figure 60: a) Rapid screening of impact of poor solvent on structural development in 
UV-vis analysis. b) Deconvolution of spectral peaks into amorphous and aggregated 
contributions c) Observed maximum in charge mobility at point of step-wise increase 
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